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1. The systems, potassium permanganate-potassium 
perchlorate-water and ammonium chloride-manganous 
chloride-water, have been studied at equilibrium conditions 
by phase rule and x-ray diffraction methods. 2. The 
system potassium permanganate-potassium perchlorate- 
water yields a continuous series of solid solutions having 
orthorhombic crystal symmetry. For these, the components 
of which are of similar crystal and chemical structure and 
of identical valence type, Vegard’s additivity law is 
followed by the do and ¢o lattice constants, but the bo con- 
stant shows a definite deviation. 3. A method is described 
of obtaining homogeneous crystals with a particle size 
which gives excellent powder diffraction photograms in 
cases where heat annealing is not feasible. 4. A method of 
analyzing for ClO, is given. 5. The danger of making 
serious errors is pointed out in the use of rapid precipitation 
by chemical reaction or from supersaturated solutions as 
a method of preparing solid solutions for the study of the 
relationship between their lattice constants and composi- 
tion. 6. The system ammonium chloride-manganous 
chloride-water shows three solid solution series; the crystals 


obtained in the first series have cubic symmetry, while in 
the others the symmetry is tetragonal. 7. The mechanism 
of the formation of the “‘anomalous”’ solid solutions be- 
tween ammonium chloride and manganous chloride is 
given. Experimental and other considerations verify it. 
8. It is shown that Vegard’s law is not followed by the 
first solid solution series in which the components are of 
dissimilar chemical and crystal structure and dissimilar 
valence types. The curve for the relationship between the 
lattice constants and composition rises to a maximum and 
then falls off. Reasons to explain why this law does not 
apply to these solid solutions are given. 9. The existence of 
a new “compound,” 6NH,Cl-MnCl,-2H,0, is demon- 
strated. This and the known compound, 2NH,CI- MnCl, -- 
2H,0, are considered to be examples of “compounds of 
variable composition.’ They are tetragonal with a9 = 15.256 
+0.004A, co=16.008+0.007A and ao=7.5139+0.0005A, 
co=8.245+0.003A, respectively. The structure of the 
latter is that of 2NH,CI-CuCl,-2H,0 which belongs to 
space group D,'*h or P4mnm. 


INTRODUCTION 


XPERIMENTAL demonstration of the ex- 
istence of solid solutions rests mainly upon 

two different kinds of evidence: (1) phase rule 
investigations, and (2) the determination of the 
variation of the lattice dimensions of crystalline 
solid phases with change in composition by x-ray 


' Dissertation submitted by Alexander L. Greenberg in 

rtial fulfillment of the requirements for the degree of 

octor of Philosophy in the Faculty of Pure Science, 
Columbia University. Publication assisted by the Ernest 
Kempton Adams Fund for Physical Research of Columbia 
University. 


diffraction methods. Numerous experimental 
investigations have been made by both methods. 

One result of the x-ray investigations is 
Vegard’s additivity law,?* which states that the 
unit cell dimensions in a continuous solid solution 
series vary linearly with the mole fraction of 
solute present. The validity of this rule rests upon 
measurements made by Vegard**° and others,’ 

2(a) L. Vegard, Zeits. f. Physik 5, 17 (1921); (b) L. 
Vegard, Zeits. f. Physik 43, 299 (1927); (c) L. Vegard and 
H. Dale, Zeits. f. Krist. 67, 148 (1928). 


*R. J. Havighurst, E. Mack and F. C. Blake, J. Am. 
Chem. Soc. 47, 29 (1925). 
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almost exclusively on crystals of cubic symmetry. 
Many deviations from this law have been ob- 
served in alloys.‘ The only deviations, in the 
literature, among ionic lattice crystals are those 
observed by Walden and Cohen,**and by Walden 
and Averell®» in precipitates of barium sulphate 
with barium nitrate and with permanganic acid. 
Since the proof that these precipitates were 
contaminated through solid solution formation 
rests upon the observed change in the unit cell 
dimensions which did not follow Vegard’s law,® 
we have investigated by the x-ray method some 
systems of both isomorphic and nonisomorphic 
mixing where the solid solution nature of the 
solid phases could be demonstrated by simul- 
taneously carried out phase rule studies to obtain 
further data on Vegard’s law in ionic lattice 
crystals. 

Precision x-ray data on solid solutions formed 
in equilibrium with their aqueous solutions has 
been lacking up to the present time. The work 
done in recent years by Vegard and his co- 
workers,? Grimm and his associates’? and others 
too numerous to mention, in which the solid 
solutions were formed from water solution either 
(1) by precipitation of insoluble substances by 
chemical reaction or (2) by crystallization from 
supersaturated solutions with little or no attempt 
at equilibrating the solid phase thus obtained, 
can safely be called nonequilibrium studies. 
Coupling this with the statement by Vegard?> 
that ‘‘the additivity law is the limiting case of 
slowly precipitated solid solutions,” showed the 
necessity for studies of solid solutions formed in 
equilibrium systems so that the experimental 
conditions would be reproducible. We have 
attempted to choose systems for investigation 
resembling as closely as possible the barium 
sulphate precipitates referred to above. The 
nearest approach would be a system with com- 


‘E. R. Jette, Trans. Am. Inst. Mining Met. Eng. 111, 
75 (1934), 

5 (a) G. H. Walden, Jr. and M. U. Cohen, J. Am. Chem. 
Soc. 57, 259 (1935); (b) G. H. Walden, Jr. and P. R. 
Averell, J. Am. Chem. Soc. 59, 906 (1937). 

*F. Schneider and W. Rieman, J. Am. Chem. Soc. 59, 
354 (1937). 

7(a) H. G. Grimm and G. Wagner, Zeits. f. physik. 
Chemie 132, 131 (1928); (b) G. Wagner, Zeits. f. physik. 
Chemie 2B, 27 (1929); (c) H. G. Grimm and G. Wagner, 
Zeits. f. anorg. allgem. Chemie 220, 31 (1934); (d) H. G. 
Grimm, C. Peters and H. Wolff, Zeits. f. anorg. allgem. 
Chemie 236, 57 (1938). 
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ponents of identical space group symmetry as 
barium sulphate, limited range of solid miscibility, 
and with a sufficiently high solubility in water to 
permit accurate phase rule study. We have not 
been able to find such a system. Therefore 
two systems were investigated one of which 
KCIO,—KMnO,—H,0, will serve to show how 
isomorphic crystals behave in forming a com- 
plete series of solid solutions, and the other 
NH,Cl—MnCl.—H,0 will demonstrate the be- 
havior of two nonisomorphic solids in a limited 
series of solid solutions. 

This work will concern itself, then, with one of 
each of the main types of solid solution possible 
(1) complete miscibility (2) incomplete misci- 
bility. Under (1) the system has components in 
the solid solutions of similar crystal and chemical 
structure, of identical valence type and not too 
different lattice constants. Under (2) the system 
studied has components of dissimilar valence 
type, chemical structure, and crystal system ; of 
the type whose solid solutions have been termed 
‘“‘anomalous.”’ 

The KMnO,—KCIO,—H.0 system, for (1), 
had been described by Muthman and Kuntze‘ 
and Barker® as a system which yields a complete 
series of solid solutions. Muthman and Kuntze 
worked out the isotherm at 7° while Barker 
showed by crystallographic methods that as the 
weight percent of potassium permanganate in the 
solid phase increased, the interfacial angles for 
the crystals increased in a fairly linear fashion. 
The two salts are orthorhombic and belong to the 
same space group V'*h. 

Except for qualitative studies by Vegard?* on 
one sample of potassium sulphate-ammonium 
sulphate orthorhombic solid solutions, the low 
precision x-ray studies of Wagner?” on the non- 
equilibrium barium  sulphate-potassium _ per- 
manganate complete series of solid solutions and 
the precision studies on limited, nonequilibrium 
solid solutions of barium sulphate-barium nitrate 
and barium sulphate-permanganic acid men- 
tioned above no other x-ray data are available for 
solid solutions one or more of whose components 
is orthorhombic. 

For (2) the classic system of NH,Cl—MnClh: 
—H.O was selected. This system has been the 


8 Muthman and Kuntze, Zeits. f. Krist. 23, 375 (1894). 
®*T. V. Barker, Zeits. f. Krist. 43, 529 (1907). 
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subject of much controversy. The formation 
of “anomalous” solid solutions between the 
cubic ammonium chloride and the monoclinic 
MnCl,-4H,0 has interested investigators for the 
last sixty odd years. Lehman" first showed the 
solid solution character of the solid phase sepa- 
rating from the mother liquor in the ammonium 
chloride region of the system. Foote and Saxton," 
by means of phase rule studies of the 25° isotherm 
and calorimetric data on the solid solutions 
formed, check this. Clendinnen and Rivett" 
extending this work at 60°C and repeating the 
25° isotherm, agreed as to the solid solutions 
formed. 

Benrath and Shackman" state that no solid 
solutions are obtained when ammonium chloride 
solid is shaken together with a saturated solution 
of ammonium chloride and manganous chloride; 
that furthermore if the solid phase is formed by 
precipitation from the supersaturated solution 
the percentage of manganous chloride in the solid 
will decrease to zero if the solid is shaken with the 
mother liquor for a sufficient length of time. 
Kuznecov' concludes from x-ray data that a 
contraction in the unit cell size of ammonium 
chloride takes place when this and manganous 
chloride form a solid solution. 


EXPERIMENTAL: KCIO,—KMnO,—H:O 


The x-ray apparatus was essentially the same 
as described by Walden and Cohen,** the pre- 
cision focusing cameras were the same as de- 
scribed by them. The method of computing the 
lattice constants from the films is that described 
by Cohen.!® 

Chromium radiation was used in taking the 
x-ray photograms. The values of the wave- 
lengths'* of the Ka; and Kaz used in the compu- 
tations are Ka:=2.285,03A, Ka2=2.288,91. 

Each of materials used in the preparation of 
the solid solutions was recrystallized twice. This 


OQ. Lehman, Zeits. f. Krist. 8, 438 (1883). 
aoe) W. Foote and B. Saxton, J. Am. Chem. Soc. 36, 1695 

®F, W. J. Clendinnen and A. C. D. Rivett, J. Chem. 
Soc. 119, 1329 (1921). 

® A. Benrath and H. Schachman, Zeits. f. anorg. allgem. 
Chemie 221, 418 (1935). 

*'V. G. Kuznecov, Comptes rendus Acad. Sci. U. R. S.S. 
15, 469 (1937), 

1M. U. Cohen, Rev. Sci. Inst. 6, 68 (1935); M. U. 
Cohen, Zeits. f. Krist. A94, 288 (1936). 

© Int. Tab. Kryst. Best. Vol. 11, p. 586. 


precaution was taken because of the large amount 
of manganese dioxide in the reagent grade 
potassium permanganate and the presence of 
chloride ion in the potassium perchlorate. After 
this treatment the permanganate when dissolved 
and filtered through a sintered glass funnel 
showed no sign of manganese dioxide, while the 
perchlorate showed no trace of chloride ion 
(against silver nitrate in nitric acid). 

The thermostat used in equilibrating the 
samples was held at 25.000°+.055°. The ther-. 
mometer used was checked against a plati- 
num resistance thermometer calibrated by the 
National Bureau of Standards. 

The samples were prepared by making solu- 
tions at an elevated temperature of such concen- 
tration as to be supersaturated at 25°C. These 
solutions were placed in glass stoppered bottles, 
allowed to cool to room temperature, sealed with 
paraffin, and brought to equilibrium at 25°C ina 
thermostat while being continuously tumbled end 
over end. The approach to equilibrium was 
followed by determining the MnO, content of 
the liquid phase at intervals. The process required 
about 13 months and produced a solid phase 
which was coarsely crystalline and did not give 
sharp x-ray diffraction patterns. Grinding the 
solid made matters much worse in this latter 
respect. Annealing at temperatures sufficiently 
low to avoid decomposition was found to be 
without effect. The following procedure was 
found to produce solid phases which gave satis- 
factory x-ray patterns, and at the same time to 
accelerate greatly the approach to equilibrium. 
By this procedure samples were prepared as 
above and allowed to equilibrate for a few days, 
after which time the solid phases were filtered off 
on sintered glass filters, dried by drawing air 
through them, crushed in an agate mortar to 
below 100 mesh and returned to the mother 
liquor. The bottles were then replaced in the 
equilibrating machine. Equilibrium was found to 
be established within two weeks. 


Sampling of the liquid and solid phase 

For removing samples of the liquid phase for 
analysis, a modified form of the weight-pipette 
described by Kiehl and Manfriedo'’ was used. 


17S. J. Kiehl and E. J. Manfriedo, J. Am. Chem. Soc. 
59, 2118 (1937). 
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This permits the taking of a sample of the 
solution without removing the bottle from the 
thermostat; to prevent the solid phase from 
being drawn into the pipette, a sintered-glass 
filter plug was sealed on to the tube used for 
sucking up the sample. 

Schreinemakers’ wet residue method!* was 
used in the analysis of the solid phase which was 
separated from the mother liquor by filtration 
through a sintered glass funnel but not dried. A 
portion of the wet solid was transferred to a 
weighing tube and delivered from there to flasks 
by means of a platinum spatula. The remaining 
solid was dried on the funnel by sucking air over 
it for x-ray analysis. 


Methods of analysis 


The determination of the MnO, was carried 
out by adding 0.1 ferrous sulphate solution to a 
slight excess and back-titrating with standard 
0.1M ceric ammonium sulfate solution to the 
o-phenanthroline ferrous complex end point. 

After trial of many of the methods given in the 
literature, a modification of the method proposed 
by Rosenberg!® was evolved for the determi- 
nation of ClOy-. The ClO;- was reduced by 
passing sulphur dioxide over the surface of a 
solution of the sample in 25 ml of water con- 
taining 2-3 ml of 1M sulphuric acid. The excess 
sulphur dioxide was boiled off by evaporating toa 
small volume, the sample was then diluted to 
a volume of 25 ml and 50 ml of concentration. 
Sulphuric acid was added and the air displaced 
with carbon dioxide. Blank runs were made at 
the same time as the sample runs (with 25 ml of 
distilled water and 50 ml concentrated sulphuric 
acid). After the air was removed, approximately 
25 ml of titanous chloride solution (approxi- 
mately 0.25M, made up in 1M sulphuric acid) 
was added to the sample and 15 ml to the blank 
(approximately the amount to be determined in 
the sample flasks after the reduction of the 
ClO,-). The flask was heated for two hours so 
that there was gentle refluxing, during which 
time carbon dioxide was continuously passed 
through at a slow rate. After this time, the flask 

SF. A. H. Schreinemakers, Zeits. f. physik. Chemie 11, 


81 (1893). 
1? A. Rosenberg, Zeits. f. anal. Chemie 90, 103 (1932). 


A. L. GREENBERG AND G. H. WALDEN, JR. 


TABLE I. 
WEIGHT WEIGHT 
PHASE 
(EXTRAP. ON 
SAMPLE | LIQUID SoLip LiguIp SOLID TERNARY 
No. PHASE PHASE PHASE PHASE DIAGRAM) 
1 0.4712 | 1.032 | 1.868 76.21 LZ 
2 2.065 7.075 | 1.381 82.15 1.4 
3 2.651 | 10.59 | 1.230 77.64 11.8 
4 2.628 | 10.71 | 1.245 75.77 12.0 
5 4.009 | 22.28 | 0.9777 | 58.49 26.8 
6 4.573 | 32.76 | 0.8434 | 52.07 32.2 
7 4.864 | 38.12 | 0.7816 | 46.83 44.4 
8 5.698 | 60.29 | 0.5872 | 28.21 68.0 
9 5.732 | 62.70 | 0.5548 | 26.48 70.2 
10 6.333 | 76.94 | 0.3582 | 13.96 84.5 


was allowed to cool to room temperature with a 
stream of carbon dioxide going through. 

The sample was then diluted with 25 ml of air- 
free distilled water and standard 0.1M ceric 
ammonium sulphate solution was added to a 
slight excess, while a current of carbon dioxide 
was passed over the surface of the solution in the 
flask. The excess was back-titrated with 0.11/ 
ferrous sulphate solution, by using o-phenanthro- 
line ferrous complex indicator. The end point is 
extremely sharp at the concentration of sulphuric 
acid present in the solution (approximately 9/). 
The reason for making up the titanous chloride 
solution in sulphuric acid rather than in hydro- 
chloric acid is to avoid the large amount of HC| 
which boils off from the solutions during the 
heating and which, when used, gave us erratic 
results. 

All volumetric apparatus and weights used in 
the analytical work was calibrated. The ceric 
ammonium sulfate solution was standardized 
against National Bureau of Standards sodium 
oxalate according to the method described by 
Walden, Hammett and Chapman.” 


Results of analysis 


The results of the analysis are given in Table I. 
Each value is the mean of two analyses on each 
sample of the liquid and of the wet residues for 
both MnO, and ClO,-. The precision measures 
for the deviation from the mean of the liquid 
phase determinations were 2 parts per 1000 for 
MnO, and ClO,-, for the solid phase 5 parts 
per 1000. 


20G. H. Walden, L. P. Hammett and R. P. Chapman, 
J. Am. Chem. Soc. 55, 2649 (1933). 
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Fic. 1. The values for the solubility at 25°C of pure 
potassium perchlorate and potassium permanganate, which 
are plotted are given by H. H. Willard and G. F. Smith 
(J. Am. Chem. Soc. 45, 286 (1923)) and H. M. Trimble 
(J. Am. Chem. Soc. 44, 451 (1922)), respectively. 


These results are plotted on the triangular 
diagram Fig. 1, weight percentage is used in 
order to show the tie-lines to better advantage; 
and by weight percent of potassium permanganate 
in the liquid phase against weight percent of 
potassium permanganate in the solid phase 
(obtained by extrapolation on the ternary dia- 
gram) in Fig. 2. 


SE 


PHA 


WEIGHT KMnOa IN LI 


X-ray results 


Every measurable line on the x-ray photograms 
was used in the computation of the lattice 
constants of the solid solutions, but no fewer than 
ten and as many as twenty-six pairs of lines were 
used in any one case. The range of the probable 
errors on the individual films was: 


dy = £0.004—0.03%, by = +0.005 —0.04%, 
+0.003 —0.02%. 


However, since the values of the lattice con- 
stants obtained from different films for a single 
substance did not always check within these 
probable errors, the values given in Table II are 
mean values of all films taken on each sample and 
the a. d. given is the average deviation from the 
mean of the lattice constants obtained from the 
different films. 

These results are plotted against weight percent 
of potassium permanganate in the solid phase 
(extrapolated from the ternary diagram) in Fig. 3. 


Discussion of results 


From the ternary plot Fig. 1, is seen that a 
complete series of solid solutions of potassium 
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TABLE II. Lattice constants (A). Mean values 23—29°C. 


SAMPLE MEAN 
No. OF ao bo co 
KCIO, | 3 films| 8.837+.003} 5.6521 +.0004] 7.240+.002 
1 5 films| 8.843+.003) 5.6531+.0007) 7.243+.001 
2 2 films| 8.859+.007| 5.6574+.0008) 7.255+.001 
3 2 films| 8.866+.003} 5.6590+.0005| 7.260+.001 
4 2 films| 8.865+.000} 5.6596+.0006| 7.265+.002 
5 1 film | 8.902 5.6690 7.294 
6 1 film | 8.931 5.6777 7.311 
7 1 film | 8.955 5.6803 7.320 
8 2 films | 9.007 +.001} 5.6940 +.0016) 7.360+.000 
9 2 films|} 9.015+.001| 5.6958+.0013) 7.363+.001 
10 3 films | 9.054+.001| 5.7030+.0008] 7.389+.001 
KMnQ, | 3 films| 9.099+.002! 5.7076+.0003) 7.411+.001 


permanganate and potassium perchlorate are 
formed. This is also shown by plotting the results 
differently, as in Fig. 2. Also, from Fig. 2 we see 
that the liquid phase always contains a larger 
percentage by weight of potassium permanganate 
than the solid which, according to Roozeboom’s*! 
classification of solid solutions, places the system 
under Type I. 

Our work at 25°C does not show the presence 
of either a congruent point or of a definite 
crystallization end point as shown in the paper 
by Muthman and Kunzte® at 90 mole percent 
potassium permanganate on their 7° isotherm for 
the system, but since this region was not 
investigated thoroughly our evidence does not 
eliminate the possibility of its existence. 

Figure 3 demonstrates conclusively that the 
solid solutions formed in this equilibrium system 
follow Vegard’s additivity law quite exactly in 
the case of the ap and cy constants but for the do 
constants a small deviation is observed, the 
curve being slightly convex. 

It may be pointed out that there is great 
danger of making serious errors in studying solid 
solutions prepared by rapid precipitation through 
chemical reaction or from supersaturated solu- 
tions to determine the relationship between the 
lattice constants and composition. In such solid 
solutions, homogeneous distribution of the com- 
ponents is not to be expected, as shown by Hahn’s 
discussion® of the results obtained by his co- 
workers. In our work it was shown that the 


asi), W. B. Roozeboom, Zeits. f. physik. Chemie 8, 521 

® (a) O. Hahn, Applied Radio Activity (Cornell Uni- 
versity Press, Ithaca, N. Y., 1936), p. 70 on, for complete 
discussion and bibliography. 


WALDEN, JR. 

crystals, which were first formed on cooling the 
supersaturated solution while this was being 
tumbled in the thermostat, gave very poor x-ray 
diffraction patterns, the lines being broad and 
diffuse. But after being crushed and returned to 
the mother liquor-for equilibration over a period 
of two weeks or more, the crystals obtained gave 
sharp x-ray diffraction lines. This is in complete 
accord with the results given in the papers by 
Mumbrauer et al.,” which describe the conditions 
for obtaining homogeneous solid solutions. 

In rapidly formed solid solutions which are not 
further treated to homogenize the components, 
then, the best that can be expected is to get 
experimental indications that the lattice is ex- 
panded in a more or less regular fashion by the 
entrance of contaminent. Inhomogeneous crystals 
will, of course, never give a true relationship 
between the weight percentage composition (as 
determined by analysis of the entire crystal) and 
the lattice constant (determined by x-ray re- 
flection from the first few hundred surface 
layers). This seems to be indicated by the work 
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Fic. 3. KMnO,— KCIO,—H;0. 
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TABLE III. 


% 
( ) 


% NH«Cl 


TIME IN 
SAMPLE | THERMO- 
No. STAT 


3 weeks 


*Sample No. 7 was shown to consist of two solid phases, one iso- 
tropic and the other birefringent, when examined under the microscope 
between crossed Nicols. The second solid phase was present in so small 
an amount that no new lines were observed on x-ray photograms of this 
sample, only lines corresponding to the ammonium chloride structure 
were found. This sample fixes the invariant point on the liquidus curve 
(marked b, Fig. 4) for the condensed system at constant temperature. 


of Walden and Averell®» where rapid precipi- 
tation was the method used for the preparation 
of the solid solutions. Furthermore, in Vegard’s 
paper?) on the mercuric bromide-mercuric chlo- 
ride solid solution series is presented evidence for 
this hypothesis, in that the crystals formed by 
rapid precipitation gave lattice constants which 
scattered badly when plotted against the weight 
percentage composition, while crystals prepared 
by slow precipitation gave consistent values for 
the lattice constants which corresponded almost 
exactly with those predicted by the additivity 
law. Vegard explained the discrepancy of the 
results for the rapidly precipitated crystals, on 
the basis of ‘‘uncompensated”’ surface atoms in 
the much finer solids obtained in this way. He 
attributed the increase in line width on the x-ray 
diffraction patterns given by these crystals to 
smaller particle size. From consideration of the 
above, we are inclined to explain the deviation 
from the additivity law and the line broadening 
on the x-ray films for these crystals to inhomo- 
geneity of the solid solutions. 


EXPERIMENTAL: NH,Cl—MnCl.—H,0 


Using the triangular phase diagram of the 25° 
isotherm of the NH,Cl—MnCl.—H;0 system as 
given by Clendinnen and Rivett,"® supersatu- 


rated solutions of ammonium chloride and man- 
ganese chloride in water were prepared to give 
approximately 8 g of solid phase to 400 ml of 
liquid phase when cooled to 25°C. The points 
chosen were well spaced to cover the entire range 
of the first two solid solution regions as shown by 
their diagram. Analytical reagent grade am- 
monium chloride and MnCl.-4H,O were of suffi- 
cient purity for the work without recrystalliza- 
tion. 


Fic. 4. 


The same procedure, used for the KMnO, 
—KCIO,—H:,0 system, was followed in regard to 
thermostating the samples, crushing the solid 
phases to below 100 mesh and then replacing in 
the mother liquor, determiiation of achievement 
of equilibrium, methods of sampling and so forth. 

Only one change in the procedure under 
sampling was adopted; after removing sufficient 
moist solid phase for analysis by the Schreine- 
makers method, the remaining solid was washed 
with alcohol and then with ether (which had no 
effect on the x-ray photograms obtained as shown 
by films taken on air-dried samples and the same 
samples dried by alcohol and ether) and then 
quickly dried by sucking air through the filter. 

For studies of the compounds and the low angle 
reflections of the first solid solution series in this 
system, a vacuum type Debye-Scherrer camera 
was used. 


Methods of analysis 


Manganese was determined by the bismuthate 
method of Park.** The permanganate was titrated 
to a slight excess of 0.1 ferrous sulphate solu- 


*3 B, Park, J. Ind. Eng. Chem. 18, 597 (1926). 


% Ci- || 
Liq- Liq- 
| Sotip [| | Sotip | | SoLip 
2 19.28 | 53.02 | 26.22 | 78.31 3.365) 1.968 
4 20.12 | 43.74 | 23.53 | 61.49 | 8.026) 5.292 
5 - 20.67 | 46.71 | 22.04 | 63.43 | 10.76 | 8.267 
6 " 21.35 | 43.22 | 20.89 | 56.58 | 13.32 | 10.14 
7* ™ 21.43 | 50.74 | 20.27 | 65.54 | 14.19 | 12.94 
7-3 * 21.51 | 41.40 | 20.25 | 45.60 | 14.36 | 19.82 
7-2 _ 21.30 | 39.89 | 19.81 | 43.26 | 14.50 | 19.90 
7-1 ~ 21.34] 38.88 | 19.72 | 41.30 | 14.66 | 20.41 : 
7-A ” 21.33 | 43.98 | 19.51 | 47.52 | 14.91 | 22.15 
8 months | 21.32} 44.55 | 19.07 | 48.13 | 15.40 | 22.44 
10 21.42 | 47.42 | 18.09 | 50.64 | 16.73 | 24.58 
12 | ee 21.60 | 42.70 | 17.10 | 44.03 | 18.21 | 23.98 fy 
14 . 21.78 | 42.08 | 16.31 | 41.13 | 19.46 | 26.28 all Dim 
16 ie 22.18 | 38.19 | 15.94 | 34.70 | 20.62 | 26.94 i) f 
18 22.32 | 44.59 | 15.04 | 38.93 | 21.91 | 33.33 ff 
22 22.41 | 48.35 | 13.90 | 39.30 23.42 | 39.57 /\ \e 
26 weeks | 22.52] 42.06 | 10.22 | 29.30 | 27.95 | 40.16 Sh 
29 23.44| 45.43 | 5.860) 30.62 | 34.70 | 44.61 70 
31 24.81) 46.72 3.977) 31.05 | 39.34 | 46.38 
33 26.29 | 33.66 | 2.978] 1.387] 43.16 | 58.11 
f Yt ty 
20 
H20 
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tion and this in turn back-titrated with standard 
0.1M ceric ammonium sulphate solution using 
o-phenanthroline ferrous complex indicator. Am- 
monia was determined by distillation from strong 
alkali solution into standard 0.1M hydrochloric 
acid solution. The total amount of chloride was 
determined by the Volhard method as modified 
by Caldwell and Moyer.*4 The determinations 
were always run in duplicate for Mn++ and NH,4t+ 
while triplicate samples were used in the Cl- 
determination. 


Results of analysis 


It was found that the analysis of the samples 
for all three ions; Cl-, NH4*t, and Mnt+, was 
unnecessary since the checks were good, so the 
analysis for Mnt+ was not continued and only 
NH, and Cl- were determined except in the case 
of the compounds formed where complete analysis 
was desired. Table III gives the results obtained 
for the analysis of liquid and moist solid phases. 

Figure 4 shows these results plotted on a 
triangular diagram. In Fig. 5 is plotted weight 


4 J. R. Caldwell and H. V. Moyer, Ind. and Eng. Chem. 
Anal. Ed. 7, 38 (1935). 
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percent ammonium chloride in the solid phase 
(obtained by extrapolation to the MnCls:2H.O 
base line on the ternary plot) against weight 
percent ammonium chloride in the liquid phase 
(from analysis). 

To establish the state of hydration of the 
compounds shown on the phase diagram, Fig. 5, 
namely D, E and F, complete analyses were 
run in duplicate on the solid phases of samples 
7A, 26 and 33, respectively (dried by washing 
with alcohol and ether and then sucking air over 
them). Table IV gives the results of these analy- 
ses in weight percent. 

The results shown in Tables III and IV and 
plotted in Figs. 4 and 5 demonstrate the following 
features of the system: 

1. Starting with pure ammonium chloride 
(point A) there is a solid solution range which 
terminates at point B. At point B a second solid 
phase appears and initiates a new short solid 
solution range at point C which terminates at 
point D. This series belongs to Type IV, Rooze- 
boom’s classification,2! BC (Fig. 5) being the 
boundary between the two conjugate solid 
solutions. 


WEIGHT PERCENT IN SOLID PHASE 


(OBTAINED BY EXTRAPOLATION TO MnCiz -2H2O BASE LINEON TERNARY PLOT) 


Fic. 5. NH,Cl— MnClh.— 
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TABLE IV. Complete analysis of the substances at D, E and F.* 


PoINT SAMPLE 


ON PLOT No. Wr.% Cl- | Wt. % NH«t 


Wr. % 


Wt. 
% FounD 


% sy 


THEORETICAL FOR THE 
DIFFERENCE 


CompouND 


7A 58.60+.14 | 22.21+.03 


11.43+.001 92.24 7.76 


6NH,CI- MnCl, -2H:0 = 7.46 


26 52.99+.06 | 13.74+.01 


19.89+.01 


86.62 13.38 2NH,CI-MnCl,-2H,O 


33 37.51+.01 


28.31 +.04 


65.82 34.18 MnCl,-4H,0 = 36.42 


* The analytical data of Foote and Saxton, reference 11, have been accepted as fully proving that whenever a mole of manganous ion enters the 
solid solutions (A—B, Fig. 5), 2 moles of water go in also. This situation holds across the 25° diagram from point A to point , as shown by the 


analysis of the solid phases at D and E£, given in the table above. 


2. The solid phase at point D is a double salt 
having the formula 6NH,Cl-MnCl.: 2H,0. This 
compound exhibits incongruent solubility. 

3. Between points D and E is a third solid 
solution range. This series belongs to Type II, 
Roozeboom’s classification.”! 

4. The solid phase at E is a second double salt 
having the composition 2NH,4Cl-MnCl.-2H,0. 
This compound also exhibits incongruent solu- 
bility. 

5. At point F the solid phase is the hydrate 
MnCl,-4H,0. 

Our phase diagram while bearing great simi- 
larity to Foote and Saxton’s," and Clendinnen 
and Rivett’s” exhibits certain marked differences. 
Our boundary (B-C) between the first two series 
of solid solutions is shifted towards the am- 
monium chloride end. Then there is the recog- 
nition of a short series of solid solutions (C—D) 
and the hitherto unobserved compound at 
D, which the previous 
workers missed. The solid solution series, D—E, is a 
complete one between the 6NH«Cl - MnCl.-2H2O 
and the 2NH,Cl- MnCl,- 2H,O. The remainder of 
the diagram checks very closely with that of 
Clendinnen and Rivett" at 25°C. The solubilities 
of ammonium chloride and MnCl.-4H20 as 
determined by them are used on our plots and, as 
can be seen, fit in extremely well on the liquidus 
curve, Fig. 4. 

All the solid phases prepared in the phase rule 
investigation were studied by means of x-ray 
powder diffraction methods described above. 
This investigation disclosed the following facts: 

1. The solid phases in the solid solution range 
AB have an ammonium chloride lattice, no other 
lines appearing on any of the films. The lattice 
constants as computed from precision camera 


films are shown in Table V and are plotted in 
Fig. 6 against the weight percent of MnCl,.-2H,O 
(obtained by extrapolation on the ternary plot). 
This shows that the change in the lattice con- 
stants does not follow Vegard’s law but increases 
with addition of MnCl,- 2H.O to a maximum and 
then decreases slightly. The variation of lattice 
constant with composition is small, 0.08 percent 
maximum at a concentration of 13 weight 
percent MnCl,: 2H,0. 

The range of the probable errors on the indi- 
vidual films is a7=+0.0015 percent to +0.008 
percent. As in the case of the KMnO,—KCIO, 
solid solutions, the values for the lattice constants 
obtained from all the films on any one sample 
were averaged and the mean values are those 
given in Table V. The average deviation given is 
the a.d. of the mean lattice constant and not the 
probable error. The radii of the circles on Fig. 6 
gives the a.d. of the mean. 

2. The solid phase appearing at C has a lattice 
of lower than cubic symmetry. Visual exami- 
nation of the films shows no differences between 
any of the solid phases from C to D. 

3. The compound D is tetragonal, a)= 15.256 
+0.004, co=16.008+0.007, co/ao=1.05 from a 
Debye-Scherrer film taken with calcium radia- 
tion. Further elucidation of the structure must 


TABLE V. Mean values of the lattice constants of first solid 
solution series. Temp. 25°-29° 


Wr. 
MnCl: +2120 
(PLoT) 


ao 
(MEAN VALUE) 


3.8680 + .0003 
3.8687 +.0003 
3.8691 + .0003 
3.8699 + .0005 
3.8714+.0001 
3.8708 + .0007 


SAMPLE No. _ MEAN OF 
6 films 

5 films 

15 films 

2 films 

2 films 

4 films 


A. L. GREENBERG AND G. H. 


WALDEN, JR. 


4 


WEIGHT PERCENT MnCiz.2H20 IN CRYSTALS 


OBTAINED BY EXTRAPOLATION ON TERNARY PLOT 


Fic. 6. Lattice constants of solid solutions A — B against weight percent MnCl,-2H,0. 


await the preparation of single crystal diffraction 
films. We were unable to prepare these since we 
could never obtain single crystals. All attempts to 
grow single crystals resulted in samples which, 
while they resembled crystals macroscopically, 
were found to be complicated structures resulting 
from multiple twinning when examined under 
the microscope between crossed Nichols. 

4. Samples in the solid solution range between 
D and E gave rather unsatisfactory films with 
weak and diffuse lines. They appear to exhibit a 
gradual transition from the diffraction pattern of 
the compound 6NH,Cl- MnCl.- to that of 
the compound 2NH,Cl- MnCl.:2H,0. 

5. The compound 2NH,Cl-MnCl.-2H:20 is 
tetragonal, a9 =7.5139+0.0005, co =8.245+0.003, 
Co/ao9=1.09 from a precision camera film taken 
with chromium radiation. The compound is 
isomorphic with and has the same structure as 
the compound 2NH,C1- CuCl: 2H,0 as is shown 
by the comparison data in Table VI, obtained 
from Debye-Scherrer films taken with calcium 
radiation. 


Interpretation of results 


A very revealing light is shed upon the complex- 
ities of this system by consideration of the struc- 
ture of the compound 2NH,Cl- MnCl.- 2H20. As 
noted above the structure is undoubtedly that of 
the corresponding cupric compound which was 
determined by Hendricks and Dickinson,”® and 
‘is shown in Fig. 7. It will be seen that this 


26S. B. Hendricks and R. G. Dickinson, J. Am. Chem. 
Soc. 49, 2149 (1927). 


structure is obtained from that of ammonium 
chloride in the following manner: Consider two 
ammonium chloride unit cubes having a common 
face and with chloride ions at the corners. A 
manganous ion is placed in the common face in 
the center of the four chloride ions. Water 
molecules are substituted for the ammonium 
ions in the body centers. This arrangement is 
shown in Fig. 8. The structure in Fig. 7 will be 
seen to be an alternation of this arrangement 
with the unmodified ammonium chloride arrange- 
ment. In such a unit the Mn++ would have a 
coordination number of six. 


TABLE VI. 


Catctum RADIATION 

2NHuCl 
ao =7.514+0.001 
co =8.247 +0.002 
(SAMPLE No. 26) 


-CuCle-2H20 
a0 =7.583 40.002 
co =7.950 +0.002* 


REL. 
Exp. INTEN- 
SIN?0 SITY 


PLANE 
AND 
SouRcE 


10la 
002a 
112a@ 
12la 
202B—>202e . 
220B—220a . 
202a ‘ 
220a 
123a 
231a 
400a 


REL. 
Exp. INTEN- 
SIN?@ SITY 


PLANE 
LINE AND 
No. SOURCE 


1 10le 
2 110a@ 
3 002a 
5 112a@ 
6 121a 2 
7+ 2028B—202a . 
& 2208—220a . 
9 202a 
10 220a 
13 222a 
14 123a 
15 23la 
17 400a 


— 


* Our values for the lattice constants of this substance obtained 
from this film agree with those given by Hendricks and Dickinson as 

n all such tables in this paper the ections have n con- 
verted to the equivalent Ka, by multiplying sin?@ by (AKa/\K8)*, 
which for calcium radiation is 1.18 157. 
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The structure of this compound points clearly 
to the mechanism by means of which increasing 
amounts of MnCl.-2H,O are taken up by 
ammonium chloride. In the solid solution series 
A-B, the interstitial inclusion of Mnt+ in the 
ammonium chloride lattice and the simultaneous 
substitution of HxO for NH4* occurs at random. 
After the phase boundary BC is crossed the solid 
phase gives a new diffraction pattern corre- 
sponding to tetragonal symmetry and greatly 
increased cell size. It should be noted, however, 
vnat the axial ratio is very close to unity and 
that the length of the cell edge is very closely four 
times that of ammonium chloride. While we are 
not able to give a definite structure for this solid 
phase, the change in symmetry must be due to 
the appearance of an ordered arrangement of the 
altered ammonium chloride cubes. 

The continuous solid solution series between D 
and E is very interesting because of the very large 


_Fic. 7, Small open circle, Mn**; triangle, NH«*; solid 
circle, oxygen (water); large open circle, Cl~. Hidden and 
interior atoms are designated by dashed lines. 


changes in the diffraction pattern due to the fact 
that the edges of the unit cell at D have twice the 
lengths of the corresponding edges at E. We can 
see no explanation for what happens except the 
assumption that, as more and more manganous 
chloride is included, an ordered arrangement of 
the altered ammonium chloride cubes having 
tetragonal symmetry is maintained and this 
basic pattern contracts as the proportion of 
ammonium chloride decreases. 


Fic. 8. 


That the process described above would be 
expected to cause little change in the chloride ion 
lattice is apparent from the following con- 
siderations: 

(a) The value for the radius of Cl-, 1.86A, in 
ammonium chloride where each ClI~ is coordi- 
nated with 8 NHg"*, is obtained by increasing the 
value, 1.81A, for the radius of Cl- with a 
coordination number of six®® by a factor?’ of 3 
percent. Figure 9, showing the CI- positions on 
the unit cell side of pure ammonium chloride is 
drawn to scale using a)=3.868A obtained above, 
and this radius for Cl-. The space available at the 
face center between the chloride ions would 
accommodate an ion having a radius of approxi- 
mately 0.87A. The value*® for the radius of Mn** 
with a coordination number of six is 0.80A and is 
drawn on Fig. 9 in a dashed line circle. No great 
change in the chloride ion lattice is to be expected 
from this source. 

(b) The radius of NH,* with a coordination 
number of 8 is 1.52A, calculated, as above, from 
the 6 coordination numbered radius given?® as 
1.48A. In ice, the positions assigned to each 
oxygen atom, from crystal structure work*® is 
such that each oxygen atom is tetrahedrally 
surrounded by four other oxygen atoms at a 
distance of 2.76A. This holds for water of 
crystallization as shown by the work of Beevers 
and Lipson*® on BeSO,-4H,O, the work of 
Keggin® and of Bradley and IIlingworth*® on 
H3PW 1204: 5H.O, H3PW 12049: 29H2O and re- 
lated substances. The radius of a water molecule 
is, therefore, 1.38A at a coordination number of 4. 


26 Linus Pauling, Nature of the Chemical Bond (Cornell 
University Press, 1939), pp. 326 and 330. 

7 L. Pauling, reference 26, p. 334. Also see V. M. Gold- 
schmidt Geochemische Verteilungsgesetze der Elemente. 

28 L. Pauling, reference 26, Be 281; see also J. O. Bernal 


and R. H. Fowler, J. Chem. Phys. 1, 515 (1933). 
( oa A. Beevers and H. Lipson, Zeits. f. Krist 82, 297 
1932). 
30 J. F. Keggin, Proc. Roy. Soc. London A144, 75 (1934), 
31 A. J. Bradley and J. W. Illingworth, Proc. Roy. Soc. 
London A157, 113 (1936). 
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Increasing this by a factor of 5.8 percent, and 
then by 3 percent (Goldschmidt?’) there is ob- 
tained 1.50A, the value for the radius of water 
having a coordination number of 8. The radius of 
the NH,* and of water are then practically the 
same and substitution of NH,4* by water in the 
unit above should give only very small changes in 
the chloride ion lattice. 

These considerations of ionic size alone should 
not be taken as exact as is shown by the fact that 
the body diagonal distance between NH,* and 
Cl- in NH,Cl calculated from the x-ray data 
from the relationship (4/3/2)do gives 3.35A while 
the sum of the ionic radii gives 3.38A. Con- 
sideration of the changes in the electrostatic 
fields of force when NH," is replaced by a water 
molecule and the polarization effects when Mn** 
is inserted between the chloride ions would be 
necessary for a complete picture of all that 
happens. Such an analysis will not be attempted 
here. 


Densities of the solid solutions, A—B, and the 
compounds at A, D, and E 


To provide further evidence for this mecha- 
nism, density determinations on the solid phases 
in the series A—B and of the substances at A, D 
and E were made. The method used was that of 
Jette and Foote.* Duplicate determinations were 
performed in three instances to determine the 
precision of the results. This is indicated in 
Table VII and Table VIII where the data ob- 
tained are summarized. The densities for the solid 
solutions were calculated from the x-ray data 
given in Table V for the cases of substitutional 
solid ‘solution of MnCl.-2H,O in the lattice of 
NH.Cl, of interstitial solid solutions and for the 
case where the water molecules substitute for the 


® E.R. Jett: and F. Foote, J. Chem. Phys. 1, 29 (1933). 
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ammonium ions, while the manganous ion is 
inserted interstitially. These values are shown in 
Table VII under the heading Density calc. I, II 
and III, respectively. 

The calculated densities of the compounds at 
D and E given in Table VIII were computed for 
the unit cell size given above with 8 molecules to 
the unit cell of the 6NHsCl- MnCl.-2H:O com- 
pound and with 2 molecules to the unit cell of the 
2NH,Cl- MnCly-2H2O compound. 

The mechanism of solid solution postulated 
above, where a substitution of water molecules 
takes place for NH,* while Mn** is interstitially 
inserted, is borne out by the experimental deter- 
mination of the densities of the solid solutions 
in the range A—B, see Table VII. For when these 
values are compared with the densities calculated 
from the x-ray data for this mechanism they are 
found to be in good agreement (Table VII, 
column III) while the densities calculated on 
other postulates (columns I and II) are not. 

The densities for the compounds found experi- 
mentally are checked by the values calculated 
from the x-ray and analytical results obtained 
above as shown in Table VIII. 


Discussion of results 


The results given by our investigation show 
that solid solutions are formed in the NH,Cl 
region of this system, see Fig. 4 and 5, points A to 


TABLE VII. Solid solutions A-B. 


DENSITY 
(CALCULATED FROM X-RAY 
DATA) 


DENSITY@ 
(EXPERI- 
MENTAL) I II Ill 


1.525 1.525 1.£25 
1.546 1.557 1.535 
1.563 1.583 1.543 
1.616 1.667 1.569 
1.621 1.676 1.571 
1.706 1.814 1.610 


1.519+.001 
1.508 + .004 
1.528 
1.557 
1.586 +.007 
1.610 


« The density determinations were made at temperatures between 
25.0° and 28.0° while the x-ray films were exposed at temperatures 
between 25° and 29°. ; 

+ The I. C. T. give the density of NH«Cl calculated from x-ray studies 
as 1.528 and from experiment as di =1.536, =1.526 (Vol. 1, p. 108; 
Vol. III, p. 43). Our results check these values. 


TaBLr VIII. Compounds at D and E. 


DENSITY 
(CALC. FROM 
X-RAY DATA) 


1.711 
1.906 


DENSITY 
(Exp.) 


1.701 
1.913 


SAMPLE 
No. 8 (6NH,CI-MnCl,-2H.0) 
No. 31 
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TABLE IX. Relative intensities of lines on Debye-Scherrer 
films for solid solution series No. 1. 


Linz No. 1 3 5 

SampLe | PLane 100a 2008 
3 
2 
1 
2 
1 


NHC! 
4 


B, which is in complete agreement with the work of 
Foote and Saxton," and Clendinnen and Rivett.” 
The solid phases obtained were homogenous, as 
shown by x-ray diffraction studies, after being 
rotated for a minimum of two weeks and as long 
as 8 weeks (see Table III for time in thermostat) 
in contact with the liquid phase till equilibrium 
was established. The results do not, therefore, 
bear out the contention of Benrath and Schack- 
man that these solid solutions eventually rid 
themselves of all the MnCl,- 2H,0 if shaken for a 
sufficient length of time. 

As can be seen from Fig. 6, the lattice of 
ammonium chloride is expanded very slightly 
from one sample to the next in the first solid 
solution series, A—B, but the trend is marked and 
there is no doubt that the expansion takes place. 
The plot does not exhibit a linear relationship 
between weight percent composition and the 
lattice constant. The curve reaches a maximum 
and then begins to fall off between point 6 and 7 
at about 13 weight percent MnCl.-2H,0 in the 
solid phase. This phenomenon has been observed 
in metallic solid solutions®* but this is the first 
time that it has been reported in crystal systems. 

The solid solution series, A to B Fig. 5, does 
not follow Vegard’s additivity law, nor should it 
be expected to, for as shown by Jette* this law 
may be considered analogous to Raoult’s law of 
liquid solutions. It has been well established that 
Raoult’s law holds for solutions only when the 
molecular species involved are very much alike 
chemically and physically. Therefore, Vegard’s 
law should be applied only to cases of solid solution 
in which the components are similar in chemical 
and crystal structure. This is borne out by the 
previous work of Walden and Cohen,** in which 
the solid solutions formed did not follow this law. 

If the MnCl,-2H;0 is in an ordered arrange- 
ment in the ammonium chloride lattice, new 


SE.R. Jette and F, Foote, Am. Inst. Mining Met. Eng. 
No. 670 (1936). 
(1936) R. Jette, Trans. Am. Inst. Mining Met. Eng. 111, 75 


reflection lines should be observed on the x-ray 
films for these solid solutions or at least the 
relative intensities of the reflection lines should 
change.*® Debye-Scherrer and precision camera 
films taken for each sample in this solid solution 
series showed no new lines. Furthermore visual 
examination of the films revealed no marked 
change in relative intensities of the lines, 
see Table IX. Therefore, the distribution of 


TABLE X. 


CALcIUM RADIATION 
-MnCle-2H20 
NH,«CI (SAMPLE No. 8) 


PLANE REL. PLANE REL. 
AND Exp. INTEN-|} LINE AND Exp. INTEN- 
SouRCE SIN? sity |} No. Source SIN?@ SITY 


004a 0.1744 3 
1931 2 
3676 6 
1108—> 
110a 3854 
3684 


100a 0.1859 


110a 


TABLE XI. 


CaLctum RADIATION 
NH.Cl (SAMPLE No. 26) 


REL. PLANE REL. 
AND Exp. INTEN-|| LINE AND Exp. INTEN- 
SOURCE SIN? sity |} No. Source SIN?6@ SITY 


0.1859 4 5 002a 0.1654 6 
.3640 
2208—a 
202a 3642 
3980 
5638 


.7958 
204a -8602 
402a 9599 


36 M. von Laue, Ann. d. Physik 78, 167 (1925). 
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MnCl.-2H2O must be entirely random in the 
solid solutions. 

Much has been written in regard to double 
salts as to whether or not they were “true” 
compounds or merely a portion of a solid solution 
series which corresponds to a_ stoichiometric 
relationship, e.g., Clendinnen and Rivett™**® con- 
cluded from their work that these double salts 
are really solid solutions. In line with this, the 
results' of our investigation on the substances 
present at D and E, Fig. 5, indicate that there 
exists grounds for reasonable doubt for calling 
these ‘‘true’’ compounds. The existance of the 
complete series of solid solutions between D and 
E makes it impossible to definitely demonstrate a 
finite existence range for either end member. If 
such an existence range is to be used as the 
criterion of a true compound then these end 
members cannot be definitely so designated on 
the basis of the existing data. We have, neverthe- 
less, used the term compound for these substances 
throughout this paper on the basis that they 
correspond to simple formulae (see Table IV for 
complete chemical analysis), that they give 
distinctly different x-ray diffraction patterns 
from NH,Cl-MnCl,-4H2O and each other, and 
that they do appear to have existence ranges as 
indicated by the somewhat vertical portions of 
the curve at the corresponding compositions of 
these substances. It would perhaps be better to 
call these ‘‘compounds of variable compositions’’*’ 
in accordance with a similar procedure used in 
the metallic systems where the formation of 
superstructure lines is now attributed to “‘inter- 
mediate phases” rather than intermetallic com- 
pounds. Many examples are now listed in the 
literature of compounds having variable compo- 
sitions.*? This has been discussed by Higg in a 
general way.*® The picture of such compounds 
has been extremely useful in explaining the 
structure of silicates, as for example, the forma- 
tion of NaAlSiO, from SiOz by the substitution 
of aluminum for silicon and the interstitial 
addition of sodium.*® 

The regular distribution of the MnCl.-2H,0 in 
the ammonium chloride lattice increases the axial 


86 F, W. J. Clendinnen and A. C. O. Rivett, J. Chem. Soc. 
123, 1634 (1923). 

37 C. W. Stillwell, Crystal Chemistry (McGraw-Hill, 1938), 
pp. 154-157, 201-203, 330-333. 

38 G, Hagg, Zeits. f. Krist. 91, 114 (1935). 
6s 932) F. W. Barth and E. Posnjak, Zeits. f. Krist. 81, 376 
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ratio of the unit cell from 1.00 to 1.05 and then to 
1.09 which are just off-cubic. The unit cell is then 
tetragonal and the diffraction lines of ammonium 
chloride are split into two for planer indices 
containing (hkl) with two unlike numbers, such 
as 100, 110, 120, etc., but remains single for (hkl) 
all similar, (111) planes. This is apparent from 
Tables X and XI in which ammonium chloride 
diffraction lines are compared with those of the 
two ‘“‘compounds.”’ Kusnecov'* undoubtedly 
made the mistake of using one set of these 
tetragonal lines from which he computed the 
lattice constants and found a contraction of the 
ammonium chloride unit cell. For, if one system- 
atically picks out all the lines which appear 
displaced from those of ammonium chloride 
towards higher angles of reflection (larger sin? @ 
values), it will be found that these can be indexed 
on the assumption of cubic symmetry and there 
will be shown a contraction of the ammonium 
chloride lattice. Thus, in Table X or XI, if we 
used the 400, 440, 800 plane reflections or the 220, 
400, 402 plane reflections, respectively, for the 
6NH,Cl- MnCl: and 2NH,CI- MnCl.- 
we could calculate out a unit cell side which is 
smaller than that of ammonium chloride. How- 
ever, if we chose the other set of lines, 004, 404, 
008 and 202, 204, respectively, we could equally 
well demonstrate an increase in the unit cell side. 

Kusnecov'‘ in his x-ray studies missed com- 
pletely the slight expansion of the ammonium 
chloride lattice with entrance of MnCl.-2H.O 
which exists in the solid solution series A—B. The 
decrease in lattice constant of ammonium chlo- 
ride that he found at concentrations 11.6, 27.6, 
32.8, 47.0 weight percent manganous chloride are 
undoubtedly due to measurements, at least from 
27.6 weight percent and up, on diffraction lines of 
the tetragonal compounds and their solid solu- 
tions, on the mistaken assumption that they were 
ammonium chloride diffraction lines. The possi- 
bility of making such an error has been pointed 
out above. It illustrates quite clearly the danger 
of using only a few of the diffraction lines on an 
x-ray photogram for the purpose of computing 
lattice constants. 

We wish to thank Professor Paul F. Kerr of 
Columbia University for his invaluable help in 
the microscopic examination of several of our 
samples, and Mr. Morris Krasnoff for his 
assistance in drawing the plots and diagrams. 
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By regarding the process of adsorption as involving a 
reaction between a molecule of gas and an adsorbing center 
on the solid surface, it has been possible, with the aid of 
the theory of absolute reaction rates, to derive for the 
rates of adsorption and desorption of gases simple equations 
which can be tested experimentally. Different results are 
obtained according as the adsorbed gas forms an immobile 
or a mobile layer on the surface: in the latter circumstance, 
which does not appear to be common, the rate of adsorption 
would be given by the Hertz-Knudsen equation, provided 
there were no activation energy for adsorption. Combina- 
tion of the expressions for the rates of adsorption and de- 
sorption gives an adsorption isotherm of the same form as 
that originally derived by Langmuir. Various cases of 
adsorption accompanied by dissociation of the adsorbed 
molecule are considered and the appropriate rate equations 


are deduced. If the molecule undergoes dissociation in the 
course of adsorption and the atoms remain on neighboring 
sites, these equations and the isotherm are the same as if 
there had been no dissociation, but if the molecule is 
adsorbed as such and then dissociation occurs as the result 
of an atom jumping from one adsorption center to another, 
the rate equations and isotherm differ from those obtained 
previously. The isotherm involves p} instead of p, but the 
form of the rate equation depends on whether the adsorp- 
tion of the molecule or the jump of the atom is the slow 
stage. The possibility of interaction between adsorbed 
atoms or molecules in an immobile film on the surface is 
considered, and a modified isotherm which makes allow- 
ance for such interaction is derived. Equations have also 
been deduced for adsorption on covered surfaces. 


INTRODUCTION 


N application of the theory of absolute 
reaction rates to adsorption processes has 
been made by G. E. Kimball,! and M. Temkin? 
has independently applied the same theory to the 
adsorption and desorption of gases and to simple 
heterogeneous chemical reactions. It is the object 
of the present paper and the succeeding one to 
show that such processes, involving solids and 
gases, may be profitably treated in a somewhat 
different manner by regarding the active points 
on the surface of the solid as constituting one of 
the reactants; the treatment is extended to a 
number of cases of different types, and it is shown 
that provided the accessible area of the surface is 
known it is possible to calculate reaction rates 
which are in excellent agreement with those 
found by experiment. 


RATE OF ADSORPTION 


According to the theory of absolute reaction 
rates,’ a reaction takes place by the union of two 


* Commonwealth Fund Fellow, 1938-40. 
*G. E. Kimball, J. Chem. Phys. 6, 447 (1938). 
(1938) Temkin, Acta Physicochimica U. R. S. S. 8, 141 
3 For reviews, see H. Eyring, Chem. Rev. 17, 65 (1935) ; 
Trans. Faraday Soc. 34, 41 (1938). 


or more molecules to form an activated complex 
which is assumed to be always in equilibrium 
with the reactants, and the rate of reaction is 
then given by the rate of passage of this complex 
over a potential energy barrier: the height of the 
barrier gives the energy of activation of the 
process. In the simplest case of adsorption, the 
reaction may be considered as involving a 
molecule (or atom) from the gas phase and an 
atom or, in general, an active point, occupying a 
fixed position on the adsorbing surface. In 
general, the adsorbing centers on the surface will 
not all have the same activity, and hence may be 
regarded as consisting of several types; centers 
belonging to each type will have their own 
characteristic heat and entropy of adsorption. 
Consider the adsorption sites of a particular 
type: at any given instant in the course of 
adsorption their number is supposed to be N,, 
and this will diminish as the surface becomes 
covered to an increasing extent. Let N, be the 
number of molecules in the gas phase, and N+ the 
number of activated complexes on the sites under 
consideration; if V cc is the volume of the gas 
phase and S sq. cm the area of the surface, then 
concentration in gas phase, c,= N,/V molecules 
per cc; concentration of adsorption centers, 
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c,=N,/S sites per sq. cm; concentration of 
activated complexes, c+=N+/S molecules per 
sq. cm. According to the postulates of the theory 
of absolute reaction rates an equilibrium may be 
supposed to exist between molecules of gas, 
adsorption centers and activated complexes, so 
that, provided the various components of the 
system behave ideally, 
C+ N + 


K=— (1) 
Cys (N,/V)N, 


=f+'/(fa/V) fe (2) 


where the f terms are the complete partition 
functions of the indicated species. If F, represents 
the partition function for unit volume of the gas 
undergoing adsorption, i.e., 


F,=f,/V, (3) 

then it follows from (1) and (2) that 
(4) 
(5) 


According to the theory of absolute reaction 
rates, the rate of adsorption of gas on sites of the 
ith kind per sq. cm of surface is given by 


kT fx 
V1(i) = Cgl 
Fifs 


where f+ differs from f+’ by the removal from the 
latter of the contribution to the partition func- 
tion of the degree of translational freedom in the 
reaction coordinate. If the surface were uniform 
and all the adsorbing centers had equal activity, 
c, would represent the tofal number of bare sites 
per sq. cm, and f+ and f, would be applicable to 
all activated complexes and adsorbing centers, 
respectively; the resultant rate of adsorption 
over the whole surface would then be 


kT fx 
h Fyfe 
If the zero-point energy contribution is extracted 

from the partition functions, Eq. (7) becomes 

kT fx 
V1 = ilk (8) 
Fifs 

where e; is the energy of activation for adsorption 


per single molecule at the absolute zero; the 
value of the energy in the partition function for 


and hence 


(6) 


(7) 


V1 = 
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each species is now reckoned from its own zero- 
point level. If the surface is non-uniform, Eq. (8) 
may still be regarded as applicable, but f+, f; 
and ¢, are now weighted averages for all the 
types of adsorbing centers on the surface: it will 
be seen later that f+/f, is approximately unity for 
an immobile adsorbed layer, and so the only effec- 
tivecorrection necessary isin the activation energy. 


IMMOBILE ADSORBED LAYERS 


In the above treatment the adsorption centers 
on the surface have been regarded as reactants 
and hence it is implied that every adsorbed 
molecule uses up one active center: this is 
equivalent to saying that the gas adsorbed on the 
surface forms an immobile layer, i.e., a molecule 
is assumed to stay wherever it is adsorbed until 
it is desorbed. The translational contribution to 
the partition function of the activated state f+ is 
thus unity, and the remainder, due to vibration 
and rotation, may be represented by b+. Further, 
the adsorption centers are presumably atoms of 
the metal, or other substance, constituting the 
surface, and these probably have vibrational 
energy only; hence the partition function f, may 
be taken as unity. Substitution of these values in 
Eq. (8) gives 

kT b+ 
g 


kT b+ 
en (10) 
h (2xmkT)*b,/h® 


where F,, the partition function of the gas for 
unit volume, is split up into the translation 
contribution, for three degrees of freedom, 
(2xmkT)'/h*®, and the vibrational and rotational 
factors, represented by b,. It is probable, in view 
of the immobility of the activated complex, that 
there will be no rotation in this state; hence b+ 
will be virtually a vibrational partition function 
and its value may be taken as unity, apart from a 
symmetry factor. Similarly the vibrational part 
of b, will not differ greatly from unity, and hence 
b, can be replaced by the rotational contribution ; 
Eq. (10) then becomes _ 


1/o+ 
h (2emkT)?! 8x? IkT 


=Cy 


(11) 


Cy 
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where o+ is the symmetry factor of the activated 
complex and g@ is that of the gas, or 


o ht 
11 
o+ 


e-kT, (12) 


So far it has been assumed that in the forma- 
tion of the activated state the gas molecule 
attaches itself to one adsorption center only ; this 
will be the case for monatomic molecules, and 
possibly for more complicated molecules in 
certain instances, but in many cases two adjacent 
sites are required for adsorption. Under these 
circumstances Eq. (12) will still give the rate of 
adsorption if c, now represents the number of 
such dual sites per square cm, and this may be 
related to the number of single adsorption centers 
in the following manner. Each site will have a 
certain number, say s, adjacent sites, so that the 
total number of dual sites will be 3sc,, the } 
arising from the fact that otherwise each pair is 
counted twice. The initial rate of adsorption of a 
gas molecule requiring two centers is thus 3s 
times the rate given by Eq. (12), i.e., 


ht 
V1 = 


o+ 


e-s/kT, (13) 


where c, still represents the number of single 
adsorption centers per square cm. It will be 
shown later that this equation may also be valid 
when dissociation accompanies adsorption. 


MosBILE ADSORBED LAYER 


It is of interest to compare this result with that 
which would be obtained if the molecules were 
mobile in the adsorbed state, and hence pre- 
sumably also in the activated state. The adsorp- 
tion centers need no longer be regarded as 
reactants, the activated complex being the gas 
molecule just before it strikes the surface. The 
equilibrium between initial and activated states 
may thus be represented (cf. Eqs. (1) and (2)) by 


(14) 


where F, and F+’ are the partition functions for 
unit volume of gas and per sq. cm of activated 
State, respectively ; hence, by the same methods 
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as used in the case of immobile molecules, it 
follows that 


kT Fs 
F, 


Since the activated complex is still in the gaseous 
state, it will have vibrational and rotational 
degrees of freedom similar to the initial gas 
molecules; hence the ratio of the partition func- 
tions F+/F, reduces to the ratio of the trans- 
lational terms. In the activated state the mole- 
cule has only two degrees of translational 
freedom, i.e., over the surface, while in the gaseous 
state it has three such degrees of freedom; it 
follows, therefore, that 


RT oh 
(16) 


V1 


h (2xmkT)' 


If c,kT is replaced by the pressure p of the gas, to 
which it is equivalent if the latter is ideal, then 
in the special case of adsorption requiring no 
activation energy, Eq. (16) becomes 


p 


17 


This result is identical with the classical Hertz- 
Knudsen equation for the number of gas mole- 
cules striking 1 sq. cm of a surface in unit time; 
it would also give the rate of adsorption provided 
the adsorbed layer were mobile and there was no 
activation energy of adsorption. 


TEsT OF ADSORPTION EQUATIONS 


In order to test the validity of the equations 
based on the theory of absolute reaction rates, it 
would be necessary to have reliable data for the 
rates of adsorption of gases on surfaces of known 
area; unfortunately such data are very scanty. 
All of the examples which will here be considered 
refer to adsorption processes which involve the 
dissociation of the diatomic gas on adsorption, 
but it will be shown later that Eq. (13) is generally 
applicable to such processes. 

An approximate comparison of observed and 
calculated rates of adsorption has been made by 
M. Temkin,? who derived an expression similar to 
(13); he showed that the measurements of O. I. 
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TABLE I. 
RATE OF ADSORPTION 
Gas Temp. FE, KCAL. CALc. | Oss. 
Ne 544°K 14.4 1016 | 3.4.x 
194.5°K 10.4 5.7X10%| 1.8 10!7 


Leypunsky‘ were in general agreement with those 
to be expected from the theory of absolute 
reaction rates for an immobile adsorbed layer. A 
more precise comparison can be made using 
Emmett’s data for the adsorption of nitrogen® 
and hydrogen*® on an iron-aluminum oxide 
catalyst (the so-called ‘‘catalyst 931’). The sur- 
face area of such a catalyst cannot be determined 


by direct measurement, but a reliable estimate . 


can be made by examination of the curve showing 
the amount of gas adsorbed against time. In 
Table I are given the observed and calculated 
initial rates, expressed as molecules per second on 
the surface present in the experiment. The 
agreement is seen to be satisfactory on the whole; 
it is probable that the recorded activation energy 
(E; kcal. per mole) for the adsorption of hydrogen 
is too high, and a value of 8.9 kcal. would give 
almost exact correspondence between observed 
and calculated rates of adsorption. 

It appeared possible, at first sight, that the 
data obtained by J. K. Roberts’ for the rate of 
a‘isorption of hydrogen on a clean tungsten wire 
of known area might provide a satisfactory test of 
Eq. (13), but there may be some doubt con- 
cerning the reliability of the results obtained. 
Application of the equation, assuming each mole- 
cule of hydrogen to become adsorbed on two 
centers and taking s as equal to 4 and ¢, as 10" 
sites per square cm, gives the rate of adsorption 
as 9.84 10'e-“1/2T molecules per square cm per 
second for a pressure of 10-4 mm at 79°K;; this 


value may be compared with the maximum rate 


of adsorption of 5.910" molecules per square 
cm per second derived from the measurements of 
Roberts. The calculated and observed rates 
would agree if the activation energy for adsorp- 

*O. I. Leypunsky, Acta Physicochimica U. R. S. S. 2, 
737 (1935); J. Chem. Phys. Russ. 9, 143 (1937). 


5P. H. Emmett and S. Brunauer, J. Am. Chem. Soc. 
56, 35 (1934). 


°P. H. Emmett and R. W. Harkness, J. Am. Chem. 
Soc. 57, 1631 (1935). 
7 J. K. Roberts, Proc. Roy. Soc. A152, 445 (1935). 
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tion were about 2.0 kcal., but since the experi- 
ments show that the rates of adsorption are 
almost the same at 79°K and 295°K, the 
activation energy should be zero. Another possi- 
bility is that only one site in about 10° can act as 
an adsorption center in the rate-determining 
stage, but this would seem to be unlikely. The 
discrepancy of 10° between calculated and experi- 
mental rates of adsorption is, therefore, difficult 
to understand, particularly in view of the 
satisfactory agreement obtained in other in- 
stances. It is possible, however, that in the work: 
with hydrogen on tungsten the rate measured 
was not that of adsorption, but of another 
process, such as the rate of access of hydrogen to 
the surface under the experimental conditions.* If 
this is so, the conclusion that the rate of adsorp- 
tion is independent of temperature, and that the 
activation energy for adsorption is thus zero, is 
open to doubt; the activation energy for adsorp- 
tion might be as high as 2 kcal. and the adsorp- 
tion process still be faster than the over-all 
observed rate. 


RATE OF DESORPTION 


The variation with pressure of the amount of 
gas adsorbed by a solid at constant temperature 
has been represented by the empirical classical 
isotherm or by the familiar equation first deduced 
by I. Langmuir® on the basis of a kinetic inter- 
pretation of adsorption of a single layer of gas 
molecules. The same result has been obtained 
by M. Volmer,? who assumed the adsorbed 
molecules to be mobile, and by R. H. Fowler" 
using statistical methods. It will be shown that 
the same isotherm can be derived from the theory 
of absolute reaction rates. 

Desorption from an immobile layer may be 
regarded as involving an activated state in which 
a molecule attached to an adsorption center 
acquires the necessary configuration and activa- 
tion energy to permit it to escape from the 
surface. As a result of the equilibrium between 

*Somewhat similar possibilities were considered in a 
footnote to p. 76 of a preliminary paper by J. K. Roberts, 
Proc. Camb. Phil. Soc. 30, 74 (1933-4) 


8]. Langmuir, J. Am. Chem. Soc. 38, 2221 (1916); 40, 
1361 (1918). 

9M. Volmer, Zeits. f. physik. Chemie 115, 253 (1925). 

10R. H. Fowler, Proc. Camb. Phil. Soc. 31, 260 (1935); 
cf. R. H. Fowler and E. A. Guggenheim, Statistical Thermo- 
dynamics (Cambridge Univ. Press, 1939), p. 426. 
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adsorbed and activated molecules, it follows that 
if N, and N+ are the numbers of adsorbed 
molecules and of activated complexes, and c, and 
c+ are their respective concentrations, in mole- 
cules per sq. cm, then 

Ns/S_ fe! 


and hence 


C+=Coft'/fa, 


the f terms being the complete partition func- 
tions. According to the theory of absolute reac- 
tion rates, the rate of desorption, v2, per sq. cm of 
surface per sec., is given by 
kT 
Vo = Ca-—— (20) 
h fa 
where f+ no longer includes the partition function 
for translation across the potential energy barrier. 
If the zero-point energy term is extracted, it 
follows that 
where ¢€2 represents the energy of activation for 
the desorption of a single molecule at the 
absolute zero. 

This equation may be tested by the data on the 
rates of desorption of carbon monoxide from 
platinum" and of oxygen from tungsten.” If 
both the activated complexes and adsorbed mole- 
cules are assumed to be immobile, the ratio of the 
partition functions f+/f, should be approxi- 
mately equal to unity, and hence if the rate of 
desorption is expressed in the general form 
where is the activation energy 
for desorption per mole of gas, A should be equal 
to ca(RT/h), by Eq. (21). For a surface which is 
almost completely covered, c, may be taken as 


TABLE II. 


RATE OF DESORPTION 


E 
SURFACE TEMP. KCAL. A (CALC.) A (OBs.) 


Pt 600°K | 32.0) 1.25 2.79 
W 2000°K | 165.0 | 4.16 1075 | 13.4 108° 


"|, Langmuir, Trans. Faraday Soc. 17, 641 (1922). 
po = — and D. S. Villars, J. Am. Chem. Soc. 51, 
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10'5 molecules per sq. cm, and so the rate of 
desorption may be calculated; the values of A 
obtained in this manner are compared in Table II 
with those derived experimentally, the rates 
being expressed as molecules becoming desorbed 
per sq. cm per second. The difference between 
observed and calculated values for carbon 
monoxide is not serious, but with oxygen it is 
greater than would be expected. It must be 
remembered that there may well be more rota- 
tional and vibrational freedom in the activated 
than in the adsorbed state and this would tend to 
make the partition function factor greater than 
unity; the calculated rate of desorption would 
then be larger than given in Table II. 


THE ADSORPTION ISOTHERM 


For adsorption equilibrium at any tempera- 
ture, the rates of adsorption and of desorption, as 
given by Eqs. (8) and (21) must be equal; hence 

f, 

Ca fa 

— (23) 

where e¢, which is equal to ¢:— «1, is the heat of 
adsorption per single molecule at 0°K. If @ is the 
fraction of the adsorption centers which are 
covered by adsorbed molecules, 1—@ is the 
fraction still bare at any instant, and 


Ca/Cs=0/(1—8) ; (24) 
hence by (23), 
6 a 
(25) 
1-0 
As seen above, f, may be taken as unity, and F, 
may be represented by 


=(2amkT)'b,/h®. (26) 


Further, since the adsorbed molecules are sup- 
posed to be immobile, the partition function f, 
may be replaced by d,, the contribution of the 
internal degrees of freedom. Finally, writing 
p/kT for c, in Eq. (25), the latter becomes 

0 h’ ba (27) 

= p— 
1-0 by 


which is identical with the expression derived by 
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Fowler.” This relationship may be written as 


where, for a given system, a is a function of the 
temperature only; Eq. (28) is, in fact, an 
isotherm which is identical with that of Langmuir, 
as may be seen by rewriting it in the form 


6=ap/(1+ap). (29) 


If the surface is covered to a small extent only, 
then 1—@~1, and hence (28) reduces to 


6=ap, (30) 


the extent of adsorption being proportional to the 
pressure. 

Although Eqs. (29) and (30) were derived 
from (7), which was based on the assumption 
that each adsorbed molecule occupies only one 
center, a similar result would be obtained from 
Eq. (13), for the case of a gas molecule requiring 
two adjacent sites for adsorption. 


ADSORPTION WITH DISSOCIATION 


The application of quantum mechanics to the 
system consisting of a molecule of hydrogen and 
two surface atoms of carbon or nickel has led to 
the conclusion that in the most stable configura- 
tion the distance between the adsorbed hydrogen 
atoms is much greater than ina normal molecule.'® 
It follows, therefore, that in these instances 
adsorption is accompanied by dissociation of the 
adsorbed molecule. It is probable that many 
cases of activated adsorption involve dissocia- 
tion, and hence it is necessary to consider what 
effect this will have on the equations for the 
rates of adsorption and desorption and on the 
adsorption isotherm. Two main types of behavior 
may be distinguished : one in which the molecule 
undergoes dissociation in the course of adsorption 
but the atoms remain on adjacent sites; and the 
second, in which dissociation results from the 
jump of one or both of the atoms constituting the 
molecule from one site to another. In the first 
case equilibrium between initial, activated and 
final states may be written as 

Git =(GS)*=G-S—S-G. 


gas surface activated adsorbed atoms 
state 


13 A. Sherman and H. Eyring, J. Am. Chem. Soc. 54, 


2661 (1932); A. Sherman, C. E. Sun and H. Eyring, 
iu Chem. Phys. 3, 49 (1935); G. Okamoto, J. Horiuti and 

. Ikehara, Sci. Papers Inst. Phys. Chem. Res. Tokyo 
29, 223 (1936). 
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The rate of adsorption is given by an equation 
similar to (7), or by any of the succeeding equa- 
tions which are equivalent to it, and that of 
desorption by one identical with Eqs. (20) and 
(21); the adsorption isotherm will then be 
identical with Eqs. (27), (28) and (29). 

When dissociation results from the jump of an 
atom from one site to another, two possibilities 
may arise: the actual adsorption of the molecule 
may be rapid and the jump of the atom slow, or 
the adsorption of the molecule may be the rate- 
determining stage. In the former case, the ad- 
sorption and desorption equilibrium can _ be 
represented as 

= 
gas _— surface activated adsorbed 
state atoms 
The rate of adsorption can be readily shown, by 
the method used in deriving Eqs. (7), etc., to be 
given by 
kT 


+ 
01 


F,f, 
where the symbols have the same significance as 
previously. Similarly, the rate of desorption is 


kT fx 


= 


(31) 


(32) 
When equilibrium is attained 7; is equal to 7, 
and hence 


f.F,} 
It, as before, 6 is the fraction of the surface 
covered, now by adsorbed atoms, it follows from 
(33), by the arguments used in deriving (27) and 


(28), that 
6 h} ba 
—eelk 


3 
—=ap’. 
1-0 


(33) 


(34) 


(35) 


ap} 
d= 
1+ap} 


At low pressures, or in general when the surface 
is sparely covered, 


(36) 


6=ap'. (37) 


6/(1—0) =ap, (28) 
q or 
| - 


juation 
equa- 
hat of 
0) and 
en be 
> of an 
bilities 
slecule 
ow, or 
e rate- 


he ad- 


an be 


vn, by 
to be 


(31) 


nce as 
nm is 


(32) 


tO vo, 


(33) 


urface 
; from 
and 


(34) 


(35) 


HETEROGENEOUS 


In the second type of dissociation, when the 
adsorption of the molecule is rate determining, 
the process may be represented by 


(G2S2)* + 2S’—2GS’+Sz, 


where Sz is a dual site on which the molecule of 
Gz is first adsorbed, and S’ represents a site to 
which each atom finally jumps. The over-all 
change is seen to be, as before, the adsorption of 
G2 on two S’ sites in the form of atoms. By con- 
sidering the equilibrium between initial and 


activated states it is found that the rate of 


adsorption is given by 


kT f 


L gj s 


where c, is the concentration of dual sites. Simi- 
larly the rate of desorption is 


where c, is the concentration of single S’ sites. 
By equating (38) and (39), the adsorption iso- 
therm is seen to be 


This equation is identical in form, as is necessary, 
with (33), and hence leads to equations of the 
same type as (34) to (37). However, the expres- 
sions for the rates of adsorption and desorption 
are different: thus according to (31) the rate is 
proportional to the square-root of the gas pres- 
sure, while according to (38) it is proportional to 
its first power. In most of the examples which 
have been studied the exponent is unity rather 
than one-half, so that the second mechanism, in 
which the adsorption of the molecule is rate 
determining, appears to be the more common. 
That this is so is confirmed by the agreement 
between calculated and observed values for ad- 
sorption rates in Table I. Agreement was ob- 
tained by the use of Eq. (13), which is equivalent 
to (38), whereas if Eq. (31) had been used there 
would have been large discrepancies between the 
calculated and observed values. It may be noted 
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in particular that the application of Eq. (31) to 
Roberts’s data on the adsorption of hydrogen on 
tungsten (p. 662) leads to rates which are faster 
than those derived from (13), and therefore still 
more in disagreement with the experimental 
values. 


ADSORPTION WITH INTERACTION 


In the foregoing treatment the possibility of 
interaction between adsorbed molecules or atoms 
has been ignored, and this may account for the 
deviations frequently observed from the behavior 
to be expected from the adsorption isotherms 
given above. In particular it has been found that 
the variation of the constant a with temperature 
is in the opposite direction to that expected. Such 
deviations can be explained in two ways; in the 
first place they may be due to interaction between 
the adsorbed particles, and in the second place, 
the variability of the surface may be responsible. 
Both these factors probably play an important 
part in adsorption processes. 

Allowance may be made in a number of ways 
for the interaction between adsorbed molecules 
and the following is analogous to the treatment 
adopted in the study of electrode processes.’ It 
has been shown! that for an immobile layer the 
heat of adsorption may be expected to vary in a 
linear manner with the fraction (6) of the surface 
covered, thus 


Heat of adsorption = «—s0V (41) 


where ¢ is the heat evolved in the adsorption of a 
molecule of gas on a bare surface; s, as before, is 
the number of adsorption sites adjacent to any 
given one, and V is the repulsive interaction 
energy between neighboring adsorbed molecules. 
Since the molecular interaction decreases the 
heat evolved in adsorption by an amount s@V, it 
is reasonable to suppose that the energy of ac- 
tivation for adsorption will be increased by a 
definite fraction a of this quantity. This repre- 
sents the fraction of the repulsive force operative 
between the initial and activated states: any 
subsequent interaction effects will not influence 
the activation energy. The activation energy per 
molecule ¢; for adsorption will thus be increased 

4H. Eyring, S. Glasstone and K. J. Laidler, J. Chem. 
Phys. 7 1053" (1939) ; G. E. Kimball, ibid. 8, 199 (1940). 


K. Roberts, reference fi Ann. Rep. Chem. Soc. 
35, 59 (1938). 


h A, 
(40) 
(36) 
irface 
(37) 
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by an amount as6V, so that the total is €;+as6V. 
Molecular repulsions will, on the other hand, tend 
to diminish the activation energy for desorption 
by a fraction 1—a of the total interaction effect, 
and so the activation energy for this process 
becomes ¢:—(1—a)s@V. The rates of adsorption 
(v;) and desorption (v2) obtained by making the 
appropriate alterations in the activation energies 
in Eqs. (8) and (21) are thus 


kT f 


+ 
V1 tasOV)/kT 


Fifs 
kT fx 


(42) 


(43) 


a 


At equilibrium, when the two rates are equal, the 
ratio of covered to uncovered surface is given by 
the method used in deriving Eq. (27) as 


6 hs ba 
=p (44) 
b, 


where ¢, as before, is equal to e2—¢;. It may be 
pointed out that this argument involves the tacit 
assumption that for an immobile film the energy 
of activation, like the heat of adsorption, varies 
in a linear manner with the fraction of surface 
covered. 


ADSORPTION ON A COVERED SURFACE 


For certain purposes (see Part II, succeeding 
paper) it is desirable to consider adsorption of a 
gas on a surface already covered to a large extent 
by another substance, e.g., a poison. In the 
simplest case the adsorption of gas and poison 
may be supposed to occur on the same sites, 
which may be dual or single, and hence Eq. (8) 
is applicable. If the adsorption isotherm, Eq. 

(23), is written in the abbreviated form 


(45) 

where A is (f./F,f.)e*?, then using the suffix p 
to indicate the poison, we also have 

Cap/Cs=A (45a) 


where A, is (fap/Fypf.)et/*?. Let L be the total 
number of adsorption sites on 1 sq. cm of bare 
surface; this is equal to ¢,+¢a+¢Cap, but if the 
poison covers the larger part of the surface c, 
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may be neglected, so that Z is approximately 
equal to c,+c.». Substituting the value of Cap 
given by Eq. (45a), it is seen that 


Cs=L/(1+A 


and hence Eq. (8) for the rate of adsorption of 
gas becomes 


(46) 


Le, kT 


= (47) 
h Fife 


For a strongly adsorbed poison, unity may be 
neglected in comparison with:A,c,,, and sub- 


stituting the value for A, given above, 


(kT. 


(48) 


The rate of adsorption is seen to vary as the 
pressure of the gas and inversely as the pressure 
of the strongly adsorbed poison, and the heat of 
activation for adsorption is increased from e€; to 
€i:+¢€,, where e, is the heat (evolved) of adsorp- 
tion of the poison. 

It may be pointed out that the rate of adsorp- 
tion is not decreased as much as might be sup- 
posed from the increase in the heat of activation, 
because the adsorption of a gas molecule is 
accompanied by the transfer of a poison molecule 
from the surface to the gas phase: there is conse- 
quently a gain of entropy compared with that for 
adsorption on a bare surface. It can be readily 
shown that A, is equal to where AF,’ is 
the standard entropy of adsorption of the poison, 
and writing Eq. (8) in the alternative form 


(49) 


[kT 


where AF,* is the entropy of activation for ad- 
sorption on a bare surface, it follows that for a 
surface covered by a poison 


(50) 


In view of the large change of entropy accom- 
panying adsorption and desorption, AF,” is often 
a small negative quantity, and hence AF,+ —AF,' 
may be little different from AF,*. For a strongly 


kT 
Cg kT 
q Cop A 
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adsorbed poison, however, 4F,,° will have a large 
negative value and the rate of adsorption of the 
gas will be markedly decreased. 

The rate of desorption of gas from a poisoned 
surface is still given by Eq. (21), and so from this 
and Eq. (48), it follows that 


Cop Fofap 


where e¢, as before, is €2— 1, the heat of adsorption 
of the gas. 
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By utilizing the methods developed in this and 
the succeeding paper, equations analogous to 
(48) and (51) can be derived for various types of 
adsorption, e.g., involving dual sites or dissocia- 
tion, of both gas and poison; an illustration is 
provided in Part II by the treatment of the de- 
composition of ammonia, adsorbed on a dual site, 
on a surface poisoned by hydrogen in the form 
of atoms. 

The authors wish to express their thanks to 
Professor Hugh S. Taylor for a number of helpful 
suggestions in connection with this paper. 


SEPTEMBER, 1940 


JOURNAL OF CHEMICAL PHYSICS 


Application of the Theory of Absolute Reaction Rates to Heterogeneous Processes 


VOLUME 8 


II. Chemical Reactions on Surfaces 


K. J. LatpLer,* S. GLAssTONE AND H. EyrinG 
Frick Chemical Laboratory, Princeton University, Princeton, New Jersey 


(Received June 24, 1940) 


The method developed in the preceding paper is used to derive equations for the rates of 


unimolecular and bimolecular heterogeneous gas reactions under various conditions of surface 
coverage by either reactants or poisons. The resulting equations are of the same form as those 
previously deduced by Langmuir and others, but they are more explicit ; provided the activa- 
tion energy is known they can be utilized to calculate rates of surface reactions which are in good 
agreement with the observed values. In the case of the dissociation of hydrogen on a tungsten 
surface, the simple assumption that the activated state consists of hydrogen atoms permits the 
absolute rate of the reaction to be calculated with an accuracy which is at least as good as that 
attained by direct experimental measurement. The factors responsible for the difference in 
rates of the same reaction taking place homogeneously or heterogeneously are considered ; it is 
shown that adsorption of the activated complex lowers the over-all activation energy, and this 
has the most important influence in favoring the surface reaction. If one of the products, or any 
other substance acting as a poison, is strongly adsorbed, the effective activation energy is 
increased, but there is some compensation resulting from the increase of entropy accom- 


panying the desorption of the poison. 


INTRODUCTION 


ROM the point of view of the theory of abso- 
lute reaction rates a chemical reaction taking 
place on a surface is formally the same as an 
adsorption, the initial state being a molecule, or 
molecules, in the gas phase while the activated 
state is an adsorbed molecular species. The ques- 
tion, frequently discussed, as to whether the 
adsorption process or the reaction on the surface 
is slow, and hence rate determining, is for present 
purposes of no importance, since the essential 


* Commonwealth Fund Fellow, 1938-40. 


point is the equilibrium between reactants and 
the activated complex, whatever the latter may 
be. Equations for the rates of surface reactions 
were derived by I. Langmuir and others! from 
kinetic considerations, and it will be shown that 
analogous, but more explicit, equations may be 
obtained by using the method described in the 
preceding paper (Part I) of regarding the surface 


11. Langmuir, Trans. Faraday Soc. 17, 621 (1922); 
C. N. Hinshelwood, Kinetics of Chemical Change (Oxford 
University Press, 1926, p. 145; 1940, p. 187); cf. H. S. 
Taylor, Treatise on Physical Chemisiry (Van Nostrand 
Company, New York, 1931), p. 1074. 
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as one of the reactants. By means of these equa- 
tions the rates of a number of heterogeneous gas 
reactions have been calculated and found to be 
in agreement with the experimental values. For 
present purposes it is convenient to consider 
various reactions according to the number of 
molecules, viz., one or two, involved in the 
chemical change. 


UNIMOLECULAR REACTIONS 


Suppose the reaction involves one molecule of 
the gaseous reactant A, and S represents the 
active center on which reaction occurs. The 
activated complex consists of an adsorbed mole- 
cule which has acquired the appropriate amount 
of energy and the proper configuration : the equi- 
librium between initial and activated states may 
be written as 


A+S=(A-—S)*— products, 


and hence 
ct 


Fi fs 
where € is the energy of activation per molecule 
at 0°K, and the other symbols have the same 
significance as in the preceding paper. The rate 
of reaction according to the theory of absolute 
reaction rates is then 
kT 


(1) 


+ 


It may be noted that this expression is formally 
identical with Eq. (8) of Part I for the rate of 
adsorption; the activated states are, however, 
different in the two cases, although since both 
consist of immobile molecules attached to the sur- 
face their partition functions will be of the order 
of unity, in each case, at ordinary temperatures. 


First-order kinetics 


The application of Eq. (2) may be considered 
under two sets of conditions. In the first place, 
if the surface is sparsely covered by adsorbed 
molecules, c,, the concentration of bare sites on 
the surface, is practically constant and is almost 
identical with the number of sites per sq. cm of 
completely bare surface. In these circumstances 
c, in Eq. (2) may be taken as constant, and the 
rate of reaction, for a given surface, is seen to be 


(2) 
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directly proportional to the concentration of the 
reacting material in the gas phase: the process 
is thus kinetically of the first order. Numerous 
examples of this type of behavior are known. 

Introducing the expressions for the partition 
functions into Eq. (2), it follows that the rate 
equation for a unimolecular, first-order, reaction 
involving a diatomic molecule is 

o+ 
where s is the total number of possible sites ad- 
jacent to any reaction center, o and ox are the 
symmetry numbers of the molecules of reactant 
and of activated complex, respectively, and J and 
m are the moment of inertia and mass of the 
reacting molecule. For a nonlinear polyatomic 
molecule, the rate is 
o 

kT 
o+ 82?(82°A (4) 
where A, B and C are the three moments of 
inertia of the reactant. In both these equations 
c, is the number of reaction sites per sq. cm of 
surface, and the factor $s is introduced when the 
reacting molecules are attached to two sites in 
the activated state. Using known, or reasonable, 
values for the moments of inertia and taking s 
to be 4 in each case, the specific reaction rates 
for the surface decomposition of phosphine,” hy- 
drogen iodide* and nitrous oxide* have been 
evaluated, the assumption being made that in 
each case the surface is smooth and sparsely 
covered, so that there are about 10° individual 
sites per sq. cm. In Table I the calculated re- 


TABLE I. Observed and calculated first-order 
surface reaction rates. 


kT 


(3) 


SPECIFIC REACTION RATES 


TEMPERA- 
TURE 


DECOMPOSI- 


TION OF: CALc. 


10-8 
1.210% 


Oss. 


4.7X1077 
1.0 
12.3105 


SURFACE 


Glass 
Platinum 


Gold 


684°K 
836° 
1211° 


2J. H. van’t Hoff and D. M. Kooij, Zeits. f. physik. 
Chemie 12 (1893); cf. M. Temkin, Acta Physicochimica 
U.R.S. S. 8, 141 (1938). 

3C. N. Hinshelwood and R. E. Burk, J. Chem. Soc. 
127, 2896 (1925). 

4C. N. Hinshelwood and C. R. Prichard, Proc. Roy. 
Soc. A108, 211 (1925). 
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sults are compared with those observed, which 
are for relatively even surfaces, the values given 
being the ordinary first-order rate constants 
which refer to the particular amount of surface 
used in the experiment. Although the calculated 
and observed rates are in satisfactory agreement, 
it will be noted that the former are somewhat too 
small for the decomposition of phosphine and 
nitrous oxide. This may be due partly to the 
roughness of the surface, which would make the 
number of reaction centers greater than the value 
employed, and partly to the fact that there is 
some freedom of movement in the activated 
state. By taking the partition function for the 
latter to be unity it is assumed that there is no 
movement of any kind in the activated state; 
with relatively complex molecules such as phos- 
phine and nitrous oxide rotation or libration in 
the activated state may well be appreciable and 
the inclusion of the appropriate contribution to 
the partition function would increase the calcu- 
lated reaction rates. 


Zero-order kinetics 
When the surface is covered by adsorbed mole- 


cules to an appreciable extent, the value of c, 
varies with the pressure of the gas, and the be- 
havior to be expected is apparent from a com- 
bination of Eq. (2) and the adsorption isotherm ; 
substituting the following value for Cols obtained 
from Eq. (23) of Part I, viz., 


Cols = Cal (5) 


in (2), it follows that 
kT f+ 


=Ca—*—e~ (egte)/kT 
h fa 
where ¢ is the heat evolved in the adsorption of 
one molecule of reactant. If the surface is almost 
completely covered by adsorbed molecules, c, 
may be taken as constant, and the rate of reac- 
tion as given by Eq. (6) is seen to be virtually 
independent of the pressure of the reactant: the 
process is then said to obey zero-order kinetics. 
It will be apparent that Eq. (6) treats the reac- 
tion from the standpoint of adsorbed molecules, 
instead of gas molecules, as the initial reactant: 
the “surface activation energy,” i.e., the differ- 


(6) 
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TABLE II. Observed and calculated zero-order 
surface reaction rates 


DeEcompo- E 
SITION OF: | SURFACE | KCAL. 7 


W 38 904°K 
W 41.5 | 1316 
NH;? Mo 53.2 | 1228 
HI® Au 25.0 | 978 


Keae 


8.0 x 
3.4 107! 
8.5 x 
1.6 X10!" 


Kons 


4x 1017 
2x 1019 
5-20 x 1018 
5.2 10” 


ence in energy between the activated state and 
the adsorbed reactants, is e9+e.® 

Since both f+ and f, may be taken as unity, it 
follows that (6) may be written as 


(7) 


where E is the observed activation energy per 
mole. An equation of the same form as (7), with 
a frequency factor assumed to be 10” per sec., in 
place of kT/h, was proposed from general con- 
siderations by Topley.” 

When the surface is almost entirely covered, 
Ca is equal to the number of active centers per 
sq. cm of surface, which may be taken as 10". In 
Table II are given a number of calculated and 
observed rate constants expressed as molecules 
per sq. cm per second, for zero-order reactions 
calculated from (7), making use of the data 
collected by Topley. The agreement is seen to be 
satisfactory except for the decomposition of hy- 
drogen iodide on gold; the discrepancy may be 
due to the adsorption of hydrogen on the surface, 
for this would have the effect, as explained later, 
of increasing the activation energy and so would 
make the calculated reaction rate too low. 


BIMOLECULAR REACTIONS 


In a surface reaction between two molecules it 
is presumably necessary that the molecules shall 
be adsorbed on adjacent sites; the reaction may 
thus be considered as occurring between one 
molecule of each of the reactants A and B and a 
dual site S. on the surface of the catalyst: thus 


products. 


5C. N. Hinshelwood and R. E. Burk, J. Chem. Soc. 

127, 1105 (1925). 
6c, Kunsman, E. S. Lamar and W. E. Deming, 

Phil. Mag. 10, 1015 (1930). 

7. &. Burk, Proc. Nat. Acad. Sci. 13, 67 (1927). 

8C. N. Hinshelwood and C. R. Prichard, J. Chem. 
Soc. 127, 806 (1925). 

Cf. C. N. Hinshelwood and B. Topley, J. Chem. Soc. 
123, 1014 (1923). 

10 B. Topley, Nature 128, 115 (1931). 
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It is first required to determine the number of 
dual sites in terms of the number of available 
single sites per sq. cm (c,) and other factors. If 
the fraction of the surface covered by reactant A 
is 0, and that covered by B is 6’, then the number 
of bare sites adjacent to any given site will be 
s(1—0@—86’) where s, as before, is the total number 
of possible sites adjacent to any given site. 
The number of dual sites per sq. cm is thus 
3¢.5(1—0—6’), the factor one-half arising from 
the fact that in the above treatment each dual 
site is counted twice. The fractions @ and 6’ may 
be expressed in terms of the concentrations of 
surface adsorbed molecules, or atoms, of A, i.e., 
Ca, and of B, i.e., ca, as follows, 


0=Ca/(CatCa (8) 
0 =Car/ (Cat Ca +€s), (9) 


and so the number of dual sites per sq. cm may be 
written in the form 


and 


Conc. of dual sites=3sc,2/L, (10) 


where L stands for ¢a+c¢,’+c,, the total number 
of sites per sq. cm of bare surface. The theory of 
absolute reaction rates then gives the velocity 
of the bimolecular surface reaction as 


kT fz 


L oh F,F yf; 


where c, and c, are the concentrations of A and 
B in the gas phase, and F, and F,, are their par- 
tition functions for unit volume; f+ and f, are 
the partition functions, for the whole surface, of 
the activated complex and of reaction sites, re- 
spectively. Since L is the sum of Ca, Ca’ and ¢,, it 
is possible to express Eq. (11) in terms of c,, 
Cy, and c, by substituting the appropriate values 
of c, and cq given by the adsorption isotherm, 
Eq. (5). It is convenient, in this connection, to 
consider a number of special cases. 

(a) Sparsely covered surface——When the sur- 
face is sparsely covered, i.e., the sum of c, and Ca’ 
is small, Z is practically equal to c, and hence 
Eq. (11) becomes 


(11) 


kT 


Fy Fof. 


(12) 


This represents the simplest type of second-order 
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kinetics, the rate of the heterogeneous reaction 
being directly proportional to the concentration 
of each of the reactants: provided c, is known, 
e.g., for a smooth sparsely covered surface, it is 
possible to calculate the reaction rate from 
Eq. (12). 

The velocity of the reaction between nitric 
oxide and oxygen on a glass surface has been 
measured!! at 85°K and found to be represented 
by the expression 


v=9.4X molecules cm~ sec.~! 


with concentrations in molecules per cc. In this 
equation ¢€ is the activation energy at 0°K, a 
slight adjustment having been made, by means 
of the theoretical Eq. (12), to the experimental 
activation energy observed at 85°K. The de- 
pendence of the rate on the product of the con- 
centrations of the reactants suggests that the 
activated complex consists of a molecule of NO 
and one of O, adsorbed on neighboring sites on 
the surface, so that Eq. (12) should be applicable. 
The ratio of the partition functions for the ad- 
sorbed, immobile, activated complex and for the 
adsorption centers, i.e., f+/f,, may be taken as 
unity, while Fyo and Fo, may be calculated in 
the usual manner for diatomic molecules, the 
vibrational contributions being very little differ- 
ent from unity at the experimental temperature. 
Both nitric oxide and oxygen have multiplet 
ground states and allowance should be made for 
these in deriving the partition functions, but 
since the electron multiplicity of the activated 
complex is unknown it may be assumed that the 
values cancel each other; this approximation 
cannot be in error by a factor of more than two 
or three.’ Since the experimental results suggest 
a sparsely covered surface, the number of indi- 
vidual reaction sites, c,, is about 10!° per sq. cm. 
If every site is surrounded by four others, i.e., 5 
is 4, and if two adjacent sites are involved, it is 
found from Eq. (12) that 


v=14.8X10-7 


in good agreement with the experimental result. 
(b) One reactant more strongly adsorbed than the 
other.—If the reactant A is more strongly ad- 
"M. Temkin and W. Pyzhow, Acta Physicochimica 
U. R. S. S. 2, 473 (1935). 


Cf. H. Gershinowitz and H. Eyring, J. Am. Chem. 
Soc. 57, 985 (1935). 
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sorbed than B, then ca may be neglected in com- 
parison with c,, and L may be put equal to 
Cats; Eq. (11) then becomes 

RT fz 


kT, (13) 
Catc, h F,F,f, 


Writing the adsorption isotherm, as in Part I, in 
the abbreviated form c,/c,=Ac, where A is equal 
to (fa/F,f.e**", and using this relationship to 
eliminate c, from Eq. (13), it is found that 


RT fz 
1+Ac, h FF af. 


v= 95 (14) 


Further, since Z is approximately equal to 
Cat+¢s, as already seen, it follows (cf. Eq. (46), 
Part I) that c,=L/(1+Ac,), and substitution for 
cs in (14) gives 


(1+Ac,)? h F,F,f, 


which is equivalent to the more familiar form" 
v=k'paps/(1+Bpa)’, (16) 


where k’ and B are constants at a definite tem:- 
perature. It is of interest to note that if c,, or 
ps, is kept constant as c,, or pa is increased, the 
reaction velocity should pass through a maxi- 
mum: behavior of this kind has been observed in 
the reaction between hydrogen and carbon di- 
oxide on platinum.'* 

(c) One reactant very strongly adsorbed.—If the 
reactant A is so strongly adsorbed that it occupies 
most of the available surface, the fraction ¢a/Ccs, 
which is equal to Ac,, is much greater than unity: 
in Eq. (15) therefore unity may be neglected in 
comparison with Ac,, and hence 


ewer, (17) 
h yf 


where €9’ is equal to ¢9+2e. The experimental 
activation energy will thus be greater by 2¢ than 


8 C. N. Hinshelwood and C. R. Prichard, J. Chem. Soc. 
127, 806 (1925). 
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the value for a sparsely covered surface of the 
same material. Equation (18) is equivalent to the 
expression derived by the method of Langmuir, 
v=k’pp/px where pa and pz are the partial 
pressures of the reactants A and B, which are 
proportional to and respectively. Several 
instances of this type of kinetics have been 
reported.!4 

Equation (18) may be applied quantitatively 
to the reaction between carbon monoxide and 
oxygen on the surface of platinum.'® At 572°K 
the observed rate is equal to 


CO, 
7.10 10“%— molecules sec.~! 


The temperature coefficient corresponds to an 
activation energy of 33.3 kcal. in this tempera- 
ture region; the use of this value in Eq. (18) 
gives a calculated rate of 


4.33 X molecules cm~ sec.~! 


in satisfactory agreement with experiment. The 
reaction between hydrogen and oxygen on 
platinum! shows a similar behavior but the data 
are not sufficiently precise to permit an applica- 
tion of the theory. 


BIMOLECULAR REACTION WITH A SINGLE 
REACTANT 


When both reacting molecules are the same, 
it can be readily seen that the general Eq. (11) 
simplifies to the form 


where L is equal to c,+c,.. If the surface is 
sparsely covered, L ~c,, and (19) reduces to 


kT 
v= Js kT (20) 
h 


and the reaction behaves kinetically as a straight- 

forward second-order process. At the other ex- 

treme, when the surface is almost completely 
144 For examples, see G.-M. Schwab, Catalysis (Translated 

7 H. S. Taylor and R. Spence, Van Nostrand Company, 
e 


w York, 1937), p. 227. 
17, Langmuir, Wein. Faraday Soc. 17, 621 (1922). 


| 
cc kT 
(19) 
Loh 
A? 
Cg kT 8 
h Fyfe 
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covered, LZ is approximately equal to ca, and 
hence L=Ac,c,, and insertion of L/A for cyc, in 


The reaction is clearly of zero order, since it is 
independent of the concentration, or pressure, of 
the reacting gas. Alternatively, if L is replaced 
by Ca, then 


—— kT (22) 
A? h Ff, 
In this equation, as in (6), the reaction is treated 
from the standpoint of the adsorbed molecules; 
if the value of A, given above, is inserted in 
Eq. (22), the result is 


(€gt+2e) [kT 


(23) 
which may be compared with (6) for a unimolecu- 
lar reaction. In the present case c, is also con- 
stant, since the surface is almost fully covered, 
and the velocity of the reaction is independent 
of the pressure of the reactant, as already re- 
corded. The “surface activation energy”’ is seen 
from Eq. (23) to be e9+2e. 


RETARDATION BY POISONS 


Unimolecular reactions —When the product of 
a reaction, or other substance, e.g., a poison 
which may be present in the system, is strongly 
adsorbed, the process is retarded. For a uni- 
molecular reaction occurring on a single site, 
the poison also being adsorbed on a single site, the 
problem is similar to adsorption on a covered 
surface considered in Part I. An equation exactly 
analogous to (47) is applicable, except that f+ is 
the partition function for the activated state of 
the reaction and ¢, is the corresponding heat 
of activation; the rate equation may then be 
written in the more familiar form 


v=k'pa/(1+Bpp), (24) 


where pp» is the partial pressure of the poisoning 
substance. If the poison is very strongly adsorbed 
and virtually covers the whole surface, this 
becomes 


v=k'pa/pp. (25) 


GLASSTONE AND EYRING 


For such a surface an equation similar to (48) of 
Part I is applicable; by utilizing the adsorption 
isotherms (45) and (45a) of Part I, and putting 
L equal to Ca» since the surface is almost com- 
pletely covered by poison, this equation takes 
the form 


kT fx 


—Cegte) /kT 

h fa 
where € is the heat of activation for the reaction 
on a clean surface and ¢ is the heat of adsorption 
of the reactant. This equation again considers 
the reaction from the standpoint of adsorbed 
molecules of reactant, and the surface activation 
energy is seen to be e9+«. The experimental heat 
of activation, the gas being considered as the 
reactant, is €¢o9+¢€,, where e, is the heat of adsorp- 
tion of the product, and if this is represented by 
€exp. it is seen that the surface activation energy 
iS €exp. 

In Eq. (2) the quantity c, represents the con- 
centration of reaction centers, irrespective of 
whether they are single or dual sites; for the 
present purpose, however, it is necessary to 
restrict c, to the concentration of single sites, and 
then the concentration of dual sites is given by 
Eq. (10). Inserting this value into Eq. (2), the 
rate of a unimolecular reaction on dual sites 
becomes 


(26) 


Vv=C 


If the surface is almost completely covered by a | 
reaction product or other substance acting as a 
poison, then L can be replaced by Cap, the surface 
concentration of poison, which may be adsorbed 
either as molecules or as atoms. Since the latter 
case is of experimental interest, it alone will be 
considered ; according to Eq. (33) of Part I, 


Cov 


and hence (27) may be written 
Co RT 


v= 3sL—-— 


=k'ps/pp, (30) 


16Cf. C. N. Hinshelwood, Kinetics of Chemical Change 
(Oxford University Press, 1926, p. 178; 1940, p. 245). 
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where c, and c,, are the concentrations of reac- 
tant and poison, respectively, in the gas phase, 
and pa and pp» are their partial pressures. The 
heat of activation is seen to be €9+2e,. 

The rate of decomposition of ammonia at low 
pressures on a platinum surface varies as the 
pressure of the reactant and inversely as that of 
hydrogen, which acts as a poison; both Eqs. 
(25) and (30) satisfy these conditions, but the 
latter is probably applicable, since hydrogen is 
adsorbed atomically on platinum at high tem- 
peratures. It should, therefore, be possible to 
calculate the rate of reaction by means of Eq. 
(29). According to the experiments of Schwab 
and Schmidt the observed rate at 1423°K is 
2.60 X 10” cnuH;/CH, molecules per sq. cm and the 
energy of activation is 44.3 kcal.'* Taking this 
value as equivalent to ¢9+2e, and considering f+, 
f, and fa, to be unity, as usual, the rate of reac- 
tion for a smooth surface (L=10" per sq. cm, 
s=4) is calculated from Eq. (29) to be 
0.9210” cNnu;/cH, molecules per sq. cm at 
1423°K. Equally good agreement is, of course, 
obtained at other temperatures, since the experi- 
mental activation energy is employed in the 
calculations. 

Bimolecular reactions.—If two molecules of a 
single reactant are involved, Eq. (19) is still 
applicable, but L is equal to c.+¢a+Cap. If the 
poison is fairly strongly adsorbed c, may be 
neglected in comparison with c,», and so L will 
be given by c,+Cap; inserting this value in (19), 
it is seen that 

2, 2 
(31) 
CotCap h 


Substituting the value A,¢.c¢y» for Cap, Eq. (31) 
becomes 


h 


Utilizing the relationship ¢,=L/(1+A pcyp), i-e., 


‘'G.-M. Schwab and H. Schmidt, Zeits. f. physik. 
Chemie B3, 337 (1929). 

*’ The figure 140 kcal. given by C. N. Hinshelwood and 
R. E. Burk, J. Chem. Soc. 127, 1114 (1925) appears to 
apply at higher pressures when the reaction kinetics are 
more complicated, as found by G.-M. Schwab and H. 
Schmidt, reference 14. The high temperature coefficient 
obtained under these conditions may be due to the opera- 
tion of a chain reaction [cf. reference 14, p. 316]. 
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Eq. (46) of Part I, it follows that 


Le? kT fx 


v=} 


€ 
(14+A ploy)? h Ff 


v = (34) 
(1+Bpp)? 


where p, and pp are the pressures of reactant and 
poison, respectively, the latter being preferen- 
tially adsorbed. 

If the product is very strongly adsorbed, so 
that c, can be neglected in comparison with Cu», 
L becomes virtually equal to c,,: it is then 
found that 

2 
h Fife 


where A, is (fap/Fypf.e*?. The same result 
may, of course, be obtained by neglecting unity 
in comparison with A Cy», since A, will be large 
for a strongly adsorbed substance, in Eq. (33). 
The general form of this equation is equivalent 
to v=k'px?/pp? where A denotes the reacting 
substance, and P the retarding material; the 
latter retards a bimolecular reaction according 
to the second power of its pressure, and not to the 
first, as has frequently been assumed. However, 
if the retarding gas is composed of diatomic 
molecules which are adsorbed in the form of 
atoms the equation takes the form 


Each OF 
& 


where A, has the value (fu»/Fj»'f,)e*?. The 
reaction rate now varies inversely as the first 
power of the poison pressure. The quantity A,?, 
which appears in both Eqs. (35) and (36), involves 
e’*/kT and so the heat of activation is in each 
case ¢9+2e,, where e, is the heat of adsorption of 
a molecule of poison in the former case and an 
atom in the latter. 

Behavior of the type represented by Eq. (36) 
has been recorded'® for the decomposition of 
nitric oxide on platinum and on a platinum- 
rhodium alloy surface, which is retarded by 


19P. W. Bachman and G. B. Taylor, J. Phys. Chem. 
33, 447 (1929). 
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oxygen. At 1483°K on pure platinum the rate is 
given as 
3 


CNO 
v= 2.2 10-*—— molecules cm~ sec.~!. 
CO2 


Since the oxygen is adsorbed atomically on 
platinum Eq. (36) should be applicable. Assum- 
ing f+, fs and f.» to be unity, and taking the 
activation energy to be 14 kcal.,” the calculated 
rate is found to be 

2 


CNO 
4 molecules cm~ sec.~!, 


v=2.9X10- 
CO2 
in excellent agreement with experiment. 

Similar equations may be deduced for the 
cases in which the two reacting molecules are 
different: these are analogous to (33) and (34), 
except that c,c, replaces c,?, where c, and c,, are 
the concentrations of the two reacting gases, and 
F,F,: is used instead of F,?. No cases appear to be 
known in which equations of the resulting type 
are applicable, but the reaction between sulfur 
dioxide and oxygen on platinum is the nearest 
approach. The product, i.e., sulfur trioxide, un- 
doubtedly retards the reaction, but the reaction 
rate is not inversely proportional to the square of 
its pressure as the theoretical treatment predicts. 


DISSOCIATION OF HYDROGEN ON TUNGSTEN 


When a tungsten filament is heated in an 
atmosphere of hydrogen, the latter is converted 
into the atomic form which evaporates off from 
the surface of the tungsten and is generally ad- 
sorbed by the glass walls of the reaction vessel.”! 
The rate of formation of atomic hydrogen has 
been found,” over a range of temperature (1148° 
to1420°K) and pressure (3 X 10- to 3.7 X10? mm 
of mercury) to be proportional to the square-root 
of the pressure. This result indicates clearly that 
the activated complex of the reaction consists of 
hydrogen atoms, and not molecules (cf. Part I), 
and hence the rate equation should be 


kT fx 


Fu, 


20G. E. Green and C. N. Hinshelwood, J. Chem. Soc. 
1709 (1936). 

27. Langmuir, J. Am. Chem. Soc. 34, 1310 (1912); 
37, 417 (1915). 

2 G. Bryce, Proc. Camb. Phil. Soc. 32, 648 (1936). 
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The partition functions of the activated state and 
of the reaction centers on the surface may both 
be taken as unity, for even if the former consisted 
of a free hydrogen atom it would be hemmed in 
by its neighbors and so have no freedom of 
movement. Equation (37) may thus be written 
in the form 
kT 1 
v=CH,°C 


h 
ni None 


Eo! RT, 


(38) 


The mechanism of the formation of atomic 
hydrogen on a tungsten surface appears to be the 
adsorption of a molecule, then an atom jumps 
to another site, becomes detached from the sur- 
face—this constitutes the activated state—and 
finally escapes into the gas phase. Since the 
initial state in the reaction is }H2 and the final 
state is H, the process is endothermic to the 
extent of one-half the heat of dissociation of 
molecular hydrogen, i.e., 51.5 kcal. at 0°K. The 
activation energy of the process under considera- 
tion should thus have at least this value, and if 
E> is assumed to be 51.5 kcal. it is possible to 
calculate the rate of the reaction, at various 
temperatures, by means of Eq. (38); the surface 
is assumed to be sparsely covered, so that c, may 
be taken as 10° per sq. cm. The results, expressed 
as atoms cm~ sec.-!, are compared with the 
experimental rates*! in Table III, the pressure 
being in mm of mercury. It is of interest to call 
attention to the fact that in this particular reac- 
tion the simple assumption that the activated 
state consists of hydrogen atoms permits the 
absolute rate of dissociation of hydrogen on a 
tungsten surface to be calculated with an ac- 
curacy which is probably as good as that attained 
by experiment. 

According to the observations of R..C. L. 
Bosworth” the surface is almost fully covered 


TABLE III. 


4 RATE OF DISSOCIATION 
Oss. Cc 


Temp. ‘ALC. 


1148°K 
1243 
1378 
1420 


3.3X10'y p 
1.8 1016 
8.0 1016 
2.4 1017 


23R. C. L. Bosworth, Proc. Camb. Phil. Soc. 33, 394 
(1937). 
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with hydrogen under the conditions employed in 
obtaining the data in Table III. Since the forma- 
tion of atomic hydrogen is not of zero order, it is 
apparent that even if the surface as a whole were 
largely covered, the active centers on which 
reaction occurs can be only sparsely covered. If 
the experiments on the extent of coverage of the 
surface are correct, therefore, the active centers 
must constitute a fraction only of the total 
number of tungsten atoms on the surface. In view 
of the agreement between observed and calcu- 
lated rates in Table III, the latter being based 
on the assumption of a bare surface, this fraction 
must be relatively large. 


COMPARISON OF HOMOGENEOUS AND 
HETEROGENEOUS REACTIONS 


The reaction rate per sq. cm of surface for a 
second-order heterogeneous reaction may be 
written (cf. Eq. (12)) as 


kT 


Vhet. = e~ Ehet./ RT (39) 


F, Fs 


where the reactants are designated by A and B; 
the partition functions of the activated complex 
and of the reaction centers have been taken as 
unity. For the corresponding process occurring 
entirely in the gas phase, the rate equation, 
according to the theory of absolute reaction 
rates, is given by 


kT Fx 
Yhom. = e~ Fhom,/ RT (40) 


It follows, therefore, that 


Vhet. Cs 
= ef (41) 
Vhom. Fy 


where AE is equal to Enom. — Enet., i-e., the amount 
that the activation energy of the homogeneous 
reaction is greater than that of the heterogeneous 
process. For one sq. cm of smooth surface, c, is 
about 10'° whereas the partition function F+ for 
the activated complex of the homogeneous gas 
reaction is at least 10*4 (for hydrogen) and is often 
of the order of 10* per cc; taking 10°’ as a mean 
value for F+, it follows that 


Vhet. /Pnom. ~ 10-"e* (42) 


the heterogeneous rate being that for one sq. cm 
of surface, and the homogeneous rate for one cc 
of the gaseous reactants. It is obvious, therefore, 
that if a heterogeneous reaction is to be as fast 
as a homogeneous one involving the same reac- 
tants at the same pressures, either a very large 
surface, viz., 10" sq. cm, must be employed, or 
alternatively the activation energy for the hetero- 
geneous reaction must be considerably less than 
that for the homogeneous process. At a tempera- 
ture of 500°K, for example, the reaction per 
sq. cm of surface will have the same rate as the 
gas reaction per cc, only if the activation energy 
of the former is about 27.6 kcal. less than that of 
the latter. At lower temperatures the difference 
would need to be smaller, e.g., 16.5 kcal. at 


300°K. 


It may appear surprising, at first sight, in view 
of the much smaller activation energy necessary 
for a heterogeneous reaction to have the same 
rate as the corresponding homogeneous one, that 
catalyzed reactions are frequently so much faster 
than those which take place entirely in the gas 
phase. The reason is twofold: in the first place 
the surface area of the catalyst is very large, so 
that the reaction is not restricted to one sq. cm 
as has been assumed in the above calculations; 
and in the second place, the activation energy for 
a heterogeneous reaction is generally less than 
for the same process in the gas phase.** 

It is of interest to inquire next into the circum- 


* Cf. C. N. Hinshelwood, reference 16 (1940), p. 224. 
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stances which make it possible for the activation 
energy of the heterogeneous reaction to be less 
than for that occurring wholly in the gas phase: 
this may be most easily seen with the aid of a 
potential energy diagram. The full line in Fig. 1 
represents the variation of potential energy in the 
decomposition coordinate for the homogeneous 
reaction, while the dotted curve represents the 
change during the course of the heterogeneous 
reaction. It will be seen that the surface reaction 
involves first the adsorption of the reactants, 
then the formation of an adsorbed activated 
complex which decomposes to give adsorbed 
resultants, and finally the latter must be de- 
sorbed. The difference between Enom. and Enet. is 
seen to be equal to the difference in potential 
energy between the activated state in the gas 
phase and on the surface, and hence is equal to 
the heat of adsorption of the activated complex. 
If the reactants undergo activated adsorption, it 
is very probable that the activated complex for 
the reaction on the surface will consist virtually 
of atoms or free radicals, and these are likely to 
have a high energy of adsorption. Under these 
circumstances Eject. is likely to be very much 
lower than Ejom.. The decrease in the activation 
energy for the hydrogen-oxygen reaction and the 
decompositions of hydrogen iodide and methane 
on surfaces, as compared with the same homo- 
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geneous reactions, has been explained®® some- 
what in this manner. 

If all the active centers of the surface are 
covered by one of the products of the reaction or 
by some other material which is strongly ad- 
sorbed and so acts as a poison, then since these 
must be desorbed before an activated complex 
can be formed on the surface, the heat of activa- 
tion is increased by an amount equal to the heat 
of adsorption of the poison, as seen above. There 
is some compensation for this increase, however, 
by the increase of entropy accompanying the 
desorption of the poison, and the situation is very 
similar to that considered in Part I in connection 
with the rate of adsorption on a poisoned surface. 
As in that instance, the free energy of activation 
for reaction on such a surface is greater than the 
value for an unpoisoned surface by an amount 
equal to the standard free energy of desorption of 
the poison. It will be noted that in all poisoned 
reactions, a function of the concentration (or 
pressure) of the poison in the gas phase appears 
in the denominator of the rate equation, so that 
the greater the pressure of the retarding gas the 
slower the reaction rate. 

The authors wish to thank Professor Hugh S. 
Taylor for valuable comments and discussion. 

25M. Polanyi, Zeits. f. Elektrochemie 27, 143 (1921); 
G.-M. Schwab and E. Pietsch, ibid., 32, 430 (1926); 


Zeits. f. physik. Chemie 121, 189 (1926); 126, 473 (1927); 
H. S. Taylor, J. Phys. Chem. 30, 145 (1926). 
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Directed Valence in Chemical Reactions 
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The potential energy surfaces for the reactions of two hydrogen atoms with another hydrogen- 
like atom having a single valence electron in a 2p orbital are investigated. The simple Heitler- 
London approximation is used in the calculations. The calculated activation energies for the 


reactions: 


H.+X—H+HX(’2) 
where X is the atom having the 29 valence electron, are quite low, ~1 Calorie. This is in good 
agreement with the experimental results for X=halogen, and the general principle that 
directed valence lowers activation energies. The symmetrical configurations for the H2X 
complex are found to have the lowest energy. In fact, a triangular complex was found to be 
stable with respect to dissociation into either HX+H or H2+X. The mechanism of the re- 
actions between hydrogen and the halogens is discussed. 


INTRODUCTION 


LECTRONS in higher than s atomic orbitals 

taking part in chemical reactions introduce 

two features in the reaction potential energy 

surfaces. (1) The number of surfaces is increased 

by the orbital degeneracy. (2) Each surface has 

directional properties due to the directed nature 
of the higher valence states. 

In this paper the most simple example in which 
directed valence occurs in chemical reactions is 
considered, namely, the reactions of three hydro- 
gen-like atoms with one electron apiece, two 
being in s atomic orbitals and one in a p orbital. 
The simple Heitler-London method is used for 
the calculations. 

Triatomic systems which are formed from two 
atoms in S states with one atom in a P state are 
of considerable importance in chemistry. Such 
a complex is the intermediate in the reactions of 
hydrogen and deuterium with the halogens. 


HX+D—H+XD etc. (2) 


Other common examples include the reactions of 
the halogens with the alkali metals. Since the 
majority of the elements are in S or P states, a 
great many examples might be given. In all these 
actual examples the problem is much more com- 
plicated than the one considered in this paper, 
since there are usually many electrons, rather 
than only three. Polar states, which are neglected 


*Present address: Chemistry Department, Princeton 
University. 


in this work, frequently play an important part. 
The valence forces characterized by the direc- 
tional property of the atomic states should, 
however, be similar in all cases. It is this feature 
which is of interest in the present work. 


II. CALCULATION 


Three atoms (see Fig. 1) a and c with one s 
electron each and 6 with a p electron interact to 
form six doublet states and three quartet states. 
We shall be concerned only with the doublet 
states. The diatomic molecules, ab and ac, which 
are formed from the quartet state are in triplet 
states. These are repulsive with the exception of 


Fic. 1. Schematic representation of the charge distribu- 
tions of the atoms for isosceles triangular configurations, 
This scheme of representation is that used in Pauling and 
Wilson (Introduction to ntum Mechanics (McGraw- 
Hill, New York, 1935), p. 150). This figure shows the 
situation for the Az and By, states. The other states have 
the p valence in the plane of the atoms and cannot be 
shown in such a simple figure since they are made up of a 
linear combination of P,; and Py. 
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H,+X—>H+HX, (1) 
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the *II state of ab which is weakly attractive. 
This latter is the first excited state of the mole- 
cule, the normal state being the ’Y state. Thus the 
quartet states are really of little chemical interest. 

Two special cases have been considered in 
which the secular equation is reduced by sym- 
metry. These are isosceles triangular and linear 
configurations. 

We shall now consider the eigenfunctions of the 
systems. 


A. Isosceles triangle configurations 


The Z axis (Fig. 1) is taken perpendicular to 
the plane of the three atoms and }, the p atom 
is placed at the origin. The point symmetry 
group for the problem is C2,, using Schoenflies 
notation.! Two of the doublet eigenfunctions 
belong to the identical representation A,, which 
means that they are unchanged by any symmetry 
operation. Two eigenfunctions belong to By, and 
are antisymmetric with respect to rotation about 
the X axis and reflection in the XZ plane. The 
other two eigenfunctions are antisymmetric with 
respect to reflection in the X Y plane; one (A2) 
is also antisymmetric with respect to reflection 
in the XZ plane; the other (B) is antisymmetric 
on rotation about the X axis. 

These eigenfunctions have been formed as 
linear combinations of the following real atomic 


orbitals. 
1\} 
a)=(-) exp (—Ta1), 


«y=(-) exp 


1\} 

= (-) exp (—fa1), 


1\} 
yi exp (—M1), 


1\} 
(-) 2, exp (—?n). 


1 Discussions of the applications of group theory to 
molecular structure may be found in these references: 
Mulliken, Phys. Rev. 41, 49 (1932); Rosenthal and 
Murphy, Rev. Mod. Phys. 8, 317 (1936); Eyring, Frost 
and Turkevich, J. Chem. Phys. 1, 777 (1933). Other 
references in group theory: E. Wigner, Gruppentheorie 
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rsi is the distance of the ith electron from the Bth 
nucleus in units of do, the first Bohr radius 
(0.53A). xi, yi, 2: are the Cartesian coordinates 
of the 7th electron. 

The eigenfunctions are: 
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Here c m ‘). etc. are the usual Slater 
a B @ 


determinants ;? i=x, y, z. The eigenfunctions are 
recognized as bond eigenfunctions; those with 
subscript 1 can be thought of as giving a chemical 
bond between a and 0 alternating with a bond 
between 5 and c; those with subscript 2 corre- 
spond to the bond a—c. The letter in parenthesis 
following each WV gives the representation of the 
symmetry group to which it belongs. 

Since there are matrix elements only between 
eigenfunctions of the same symmetry (same A), 
the secular equation is reduced to two quadratic 
and two linear factors. 


1. Linear factors.— 
A» 


By 2:— =0. 


2. Quadratic factors.— 
A, Ay, Sty, 


A, Sen, ork 


Hy, 22— Sty, 22E 
Foz, — Sz, 
By 


(Viewey, Braunschweig, 1931); Van der Waerden, Grup- 
ntheoretische Methode in der Quantenmechanik (Julius 
pringer, Berlin, 1932). 


2Slater, Phys. Rev. 38, 1109 (1931). For a discussion of 
bond eigenfunctions see Eyring and Kimball, J. Chem. 
Phys. 1, 239 (1933). 
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The subscripts on the matrix elements are the 
same as the wave functions which they connect. 
The S’s are the matrix elements for unity. 


B. Linear configurations 


The linear states are classified as » and II. 
The Y axis (Fig. 1) is taken as the line of centers 
which makes the eigenfunctions containing },(2) 
give the = states and those containing 6,(z) and 
bi), the II states. Since the orbitals 6, and b. are 
orthogonal, the secular equation will contain 
three quadratic factors, two of which are 
identical. 


Fiz, Siz, 
Thy, 1y— Sty, 


My, Sty, 
Siz, 


Sie 


Miz, > Siz, ork 


Foz, Soy, 
Thy, Som, 


Hoy, — Soy, 
Siz 


Sez, 


The symmetric linear configuration is also a 
special case of the isosceles triangle. All non- 
diagonal elements vanish and there are only 
linear factors in the secular equation. 

At this point it is well to notice that the p 
atomic orbital on the atom 6 corresponds to a 
hydrogen-like atom of nuclear charge 2. Accord- 
ing to the work of Brown’ on the Hartree-Fock 
consistent field for fluorine, the effective nuclear 
charge on this nucleus for the valence electron is 
1.8 for distances greater than about one Bohr 
radius. Thus the present calculation should 
describe the interaction of F with He insofar 
as electrons other than valence electrons do not 
matter, and polar states are unimportant. Of 
course, the ground state for HF is ionic; so this 
last assumption is certainly not valid and we 
are dealing with excited HF. 

The atom 6 will be referred to as X since it is 
halogen-like. 

Values of the energy reported are average 
values of the perturbation Hamiltonian for 
a(1) b(2) c(3): 


Toe Yac 123 


* Brown, Phys. Rev. 44, 214 (1933). 


The arguments for obtaining such a Hamiltonian 
are familiar.‘ 

The matrix elements which are needed for the 
special cases treated fall into three classes. 


+43a%b,cb ic —acach;? —ab;b,cac, 


—ab,b;cac, 
Here i=x, y, 2. 


ab,abc? = f ete. 


The matrix elements for unity are of course 
obtained by replacing H’ by 1. 

The customary procedure of neglecting the 
triple exchange integrals has been adopted. Three 
center integrals which involve integration over 
the » function have been approximated. Thus in 
ab,ab;c* the integral 


aT \aT2 


has been set equal to 


1)b,(1 
j= 


In acach?, has been re- 
placed by fa(3)c(3)dr3 when 
d is a hydrogen-like orbital midway between a 
and c¢. 

These are the only approximations used in 
the calculations. The use of these probably leads 
to results for all configurations of the atoms 
which are closer to the Heitler-London pre- 
diction than the latter is to reality. Needless to 
say this simple theory cannot give very good 
results for very small configurations, but should 
be quite good for large separations. 


‘See for example Kemble and Zener, Phys. Rev. 33, 
512 (1929). 


III. RESULTs 


Figures 2 and 3 show the contour surfaces for 
the linear reactions 


(3) 
(4) 


These surfaces are the lowest since they lead 
from one stable molecule to the formation of 
another. The first surface (Fig. 2) is similar to the 
semi-empirical HHCI surface calculated by 
Kimball and Eyring.’ These linear cases of the 
present calculation should very nearly compare 
with the actual HHCI surfaces at fairly large 
distances. The effects of the other than valence 
electrons in the outermost chlorine shell should 
be small since they are in orbitals orthogonal to 
the hydrogen electrons; the inner shell electrons 
are far removed. These results may be taken as 
indicating that the Heitler-London predicted 
activation energy for reaction 3 and 4 should be 
very small, X being an actual halogen atom. 

The formation of a stable intermediate com- 
plex for linear HHCI is not given by Kimball 
and Eyring’s calculation. The regions of low 
potential energy are more pronounced for con- 
figurations of small dimensions in the isosceles 
triangle case and will be discussed in more 
detail later. 

Figure 3 gives an unsymmetrical activated 
state for the symmetrical reaction 4. The sym- 
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H-X aistance in Bohr radii — 


tng, 


/ a 6 7 
H-H distance in Bohr radii 


. Fic. 2. Contour surface for the reaction H2+ X—~H+HX 
with energy in Cal. The activated state at + has an energy 
of about one-half Cal. The zero of energy is that of the 
HX molecule. The calculated heat of reaction is 4.2 Cal. 


5 Kimball and Eyring, J. Am. Chem. Soc. 54, 3881 
(1932). 
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HX distance in Bohr radiim 
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a F 6 7 
H-X distance in Bohr radii — 


Fic. 3. Contour surface (in Cal.) for symmetrical reaction 
HX+H—-H+XH. The point + is the activated state; 
the activation energy, 1 Cal. 


metrical configurations are in fact the most 
stable of the linear configurations. This is very 
similar to the semi-empirical result for the H; 
linear molecule.* Application of the variational 
procedure,’ however, predicted that the activated 
state would be symmetrical. In view of the results 
for isosceles triangle configuration, it is not 
likely that a variational procedure would yield a 
similar change in this case. 

The actual value of the activation energy for 
the reaction H.+H—H+H, obtained by the 
most refined calculation of Hirschfelder, Diamond 
and Eyring was 25 Cal. to be compared with the 
experimental value 7 Cal. The activation energy 
obtained for this reaction by a crude calculation 
such as used in this work is 18 Cal. While the 
variation of a scale factor and the inclusion of 
polar states increases the binding energy of H: 
by twenty Calories, that of the activated state is 
relatively poorer by seven Calories. Results such 
as this suggest that the rough approximations 
made in work of this type are practically as good 
as one can do at present. 

It is interesting to note that the predicted 
activation energies are low. Most of the semi- 
empirical results (using a 20 percent Coulombic 
term) as well as the value reported immediately 
above for H2+H are too high. Directed valence 
appears to be effective in lowering activation 
energies. 
pies. ring and Polanyi, Zeits. f. physik. Chemie B12, 279 


7 Hirschfelder, Diamond and Eyring, J. Chem. Phys. 
5, 695 (1937). 
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The relative positions of the calculated surfaces 
are more interesting than their absolute values. 
Figure 4 gives the effect of the presence of the X 
atom on a line with the Hz molecule on the 
potential energy curve of the latter. In 4a the 
Sugiura® result for Hz is given. In 4b the X 
atom is 5d distant and the H, curves are some- 
what altered. The 2 and II surfaces have definitely 
separated, the former lower and the latter higher 
than the energy of He. In 4c for an X—H 
distance of 3a» the effect is more pronounced. 
The higher = surface develops a minimum as X 
approaches. This result is to be expected from 
general considerations. The surfaces are made up 
from resonance between two states which have 
these properties: I forms the bond H—X and II 


Energy in Calories— 
& 


2 6 7 
R in Bohr radii — 


Fic. 4. Linear configuration. a, r= 3b, r=Sao; r=3a0. 
* Sugiura, Zeits. f. Physik 45, 484 (1927). 


forms the bond H—H. For infinite separation of 
H—H the bond H—X exists (unless of course 
H —X is also infinite) ; for finite H—X distance 
and small H—H separation the bond H—H is 
lowest in energy. The diagonal matrix elements 
for the = states are shown in the dashed lines 
and demonstrate this resonance. The nonorthogo- 
nality of the eigenfunctions for small distances is 
shown quite well by the displacement of the 
center of gravity of the levels by the solution of 
the secular equation. This nonorthogonality 
makes it impossible to say that the diagonal 
elements represent the energy of pure bonds. 
Figure 5 gives the effect on the energy of HX 


Energy in Colori 


6 
r in Bohr radii — 


Fic. 5. Linear configuration. a, R= © ; b, R=4a9;c, R=2ao. 
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of H on a line. In 5a the result for H—X which 
is equivalent to the Sugiura result for Hz: is 
shown i.e., the H atom is at infinite separation. 

The *2 state surprisingly shows a minimum. 
The cause of this minimum is of course quite 
different from the one occurring in 4c and dis- 
cussed above. This result is directly traced to 
the behavior of the normalization term. The 
energy of the state is given by the expression 
—(J—K)/(1—I*) where J is the Heitler-London 
Coulomb integral, K the exchange integral and J 
the overlap integral. J—K is a monotonic func- 
tion decreasing with the internuclear separation, 
while 1 — J? goes through a minimum. Thus £ also 
goes through a minimum. Of course there is a 
physical meaning to the behavior of the normal- 
ization. In the triplet state the electrons tend to 
keep further apart. Although they are kept away 
from the regions of lowest potential energy there 
is some compensation for the lessened repulsion. 
Presumably the division by 1—J*? makes this 
correction. If the eigenfunctions are not good in 
this region large errors may be introduced since 
I? gets quite large. It is not known whether 
there really is such a minimum in this repulsive 
curve for such molecules as HCl etc. This be- 
havior of the overlap integral J is responsible in 
large part for the low energies occurring in this 
work for small separations. Rosen® observed a 
similar phenomenon in calculations with s elec- 
trons. He found that as the principal quantum 
number, , increases, the repulsive curve (*2) 
developed a minimum similar to the one ob- 
served here. For n=6 the *2 state actually has a 
stable minimum. This occurs because of the 
decrease in importance of the exchange energy 
as m increases. 

It is to be noted that the *II state lies below 
the 'II state and forms a shallow minimum while 
the latter is always repulsive. The reason for the 
reversal of these states is due to the positive 
exchange integral. In the spectra of the hydrogen 
halides there is a continuum in the region 
corresponding to the transition '2—'TII indicating 
that the latter state is really repulsive. 

In 5b the H—H separation is 4a) and both of 
the = states are slightly lowered while the II 
states are practically unaffected. In 5c for H—H 
separation of 2a) there is strong interaction. 


® Rosen, Phys. Rev. 43, 671 (1933). 


MAGEE 


The upper II state develops a minimum due to 
resonance with the lower. The upper ~ state 
becomes slightly negative at one point. 

Figure 6 continues the description of the effect 
of H on a line with HX. This time the H atom 
is next to the X atom. 

The linear symmetric states are shown in 
Fig. 7. For this particular configuration there is a 
g and u property (gerade and ungerade). The ¥, 
is the lower of the = states because it forms the 
bonds H—X while the 2, state forms the bond 
H—H. For small distances the H—H attraction 
is great enough to overcome the H —X repulsion 
and the =, state is very low. 

The triangular configurations are quite inter- 
esting because they give the unexpected result 
of a very low energy. In Fig. 8 the energy in 
contours for the A, surface is given. This is the 
surface which gives the = linear state and is to 
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Fic. 6. Linear“configuration. a, r2=5; b, ra=4; ¢, =? 
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energy Col, 


F 3 + 6 
Rin Bohr radi — 


Fic. 7. Symmetrical linear configurations. 


1 


be compared with Figs. 2 and 3. It is to be 
noticed first that there is no activation energy 
for the approach of X perpendicular to the line 
of centers of Hy. Then also there is a very stable 
triatomic system formed. It is quite certain that 
this stable system exists for H.X in the Heitler- 
London approximation. This is a system which 
has only three electrons and of course it is not 
possible to predict the reality of a stable tri- 
atomic molecule H2C1 from this calculation since 
the effects of the neglected electrons are most 
important in this region. The results of this 
calculation would indicate that the equilibrium 
for the reaction 2H,2X—H.+2HX is displaced 
to the left. If, however, the actual binding energy 
of Hy is used, this condition is no longer true. 

It is probably not because the eigenfunctions 
which were used are better in this region than 
for larger separations that the energy becomes 
low as it does. It is rather more likely that the 
neglect of the triple exchange integrals is not 
permissible and the error which is thus intro- 
duced works in the direction such as to give this 
result. The qualitative results of this calculation 
are probably correct, i.e., the existence of a 
region of low potential energy for triangular 
configurations. This point will be discussed later. 

Figure 9 gives the angular dependence of the 
triangular configurations. The extreme right with 
§=90 corresponds to the symmetric linear case. 
It is apparent that the linear system is very 


unstable with respect to the formation of a 
triangular system. It was found from Fig. 3 that 
the symmetric linear systems were the most 
stable of the linear configurations. 

In the calculation no points were obtained 
quite near the linear system, i.e., for the slightly 
bent condition and so the exact behavior of the 
surfaces is not known in that region. The figure 
is not quite exact since of course all of the sur- 
faces must have zero slope for 6=90°, since they 


5 


ain Bohr radiu— 


~ 


b in Bohr 


Fic. 8. Triangular configuration A, surface. Energy is 
in Cal. The actual physical situation is obtained from the 
figure directly; the atom X is at the origin and one H 
atom is at a point on the figure; the other H atom is 
symmetrically located below the figure. 


cannot have two slopes at a point. In some cases 
the curvature in this region may be quite great. 

The low energies of the A; and B, states are 
somewhat surprising. One can understand this 
better by examining the charge distribution for 
these states. The A; surface is the lower. It 
arises from the resonance of two bond functions. 
One of these forms the bond a—c with the 
orbital of X directed midway between these two 
atoms. This strongly overlapping charge dis- 
tribution is responsible for the low energy for 
the triangle when @ is small. The second A, 
function is responsible for the low energy of the 
linear system. It forms the bonds ad and bc with 
the p orbital directed toward these nuclei. Thus 
the charge distribution is always favorable to the 
formation of a stable system. 

The B, surface has good overlapping of the 
charge for small values of 6, but forms II linear 
states, which are of course not very low. 

These low energies are also favored by another 
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factor. The Coulombic interaction of a p orbital 
with an s orbital is greater than the exchange 
interaction." © Thus the overlap of the p charge 
distribution always tends to lower the energy 
rather than raise it, even when the exchange 
interaction is unfavorable. 

These considerations make the stable tri- 
angular molecule more reasonable. It is probably 
a reality, although the energy is undoubtedly not 
as low as this calculation would predict. 


IV. Discussion 


The most interesting results of this calculation 
are the low values obtained for the activation 
energies of reactions 1 and 2. This is a direct 
consequence of the relatively small importance 
of the exchange energy. It is of course the 
exchange interaction which gives rise to activa- 
tion energy. The Coulombic term is always 
attractive. This means that the potential is 
decreased for the electrons between a molecule 
and an approaching reactant. However, due to 
saturated valence of the molecule the Pauli 
exclusion principle prevents the valence electrons 
of the reacting atom or molecule from occupying 
this region of low potential unless they increase 
their momentum simultaneously. This condition 
is called unfavorable exchange interaction; it is 
the ‘‘promotion” of valence electrons of the 
reactant. 

As pointed out previously, the activation 
energy for the ortho—-parahydrogen conversion 
calculated by this method is far above the 
experimental value. The semi-empirical calcu- 
lation (using a Coulombic term 14—20 percent of 
the total binding energy) also tends to give 
activation energies too high. It has been already 
pointed out" that larger Coulombic terms will 
improve these results. In the present calculation 
it was found that at the activated state the 
Coulombic energy was approximately half the 
total. This question has been discussed again by 
Hirschfelder and Daniels.” In calculating the 
binding energy of atoms in s states Rosen and 
Ikehara™ observed that the fraction of Coulombic 
energy increased rapidly with the principal 


10 Bartlet, Phys. Rev. 37, 507 (1931). 

ase Topley and Eyring, J. Chem. Phys. 4, 178 
2 Hirschfelder and Daniels, J. Chem. Phys. forthcoming. 
13 Rosen and Ikehara, Phys. Rev. 43, 5 (1932). 
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quantum number. It has been observed” that for 
electrons in p states the Coulombic energy is 
much more important than the exchange energy. 
From these considerations it is to be expected 
that the activation energy for atomic reactions 
of the type 
A+BC—AB+C 


should decrease with increasing atomic weight of 
the reactants. One might expect that the true 
activation energies for all reactions of this type 
should be less than 7 cal., the value for the 
ortho—parahydrogen conversion. It has _ been 
pointed out that the condition for large ex- 
change interaction is the approximate equality 
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Fic. 9. Isosceles triangle configurations. 
a, p=4; b, p=3; c, p=2. 


4 See for example, Pauling, The Nature of the Chemical 
Bond (Cornell University Press, Ithaca, 1939). 


\ 


at for 
rgy is 
1ergy. 
ected 
ctions 


ght of 
e true 
s type 
the 

been 
ye ex- 
juality 


Chemical 


DIRECTED VALENCE IN CHEMICAL REACTIONS 685 


of the energies of the two atomic orbitals in- 
volved. Thus one should expect activation energy 
to decrease with difference in principal quantum 
numbers of the valence electrons. The general 
experimental results seem to confirm these 
observations. 

The above discussion applies to the linear 
reactions which are described by the contour 
surfaces of Figs. 2 and 3. There is, however, doubt 
that the reactions are this simple. It is shown 
(Fig. 8) that there is no activation energy for the 
formation of the triangular complex H2X from 
H, and X, the approach of X being made per- 
pendicular to the Hz molecule. The approach of 
H perpendicular to HX was not investigated but 
there is reason to believe that such an approach 
would involve less energy than the linear one 
(see below). If this is true the reaction 1. does not 
proceed by a linear mechanism but in such a 
way that a triangle is formed by the three 
molecules at all times. A proposed mechanism is 
shown in Fig. 10. ; 

At present it is not possible to prove from 
calculation just what the structure of the 
activated state really is. The activation energy 
calculation for any given reaction is uncertain by 
such a large amount that it is inipossible to dis- 
tinguish between two forms by a theoretical 
calculation of rate. Wheeler, Topley and Eyring" 
calculated the absolute rate for the reaction of 
chlorine and bromine with hydrogen. Although 
the calculated reaction surfaces gave activation 
energies which are considerably higher than the 
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Fic. 10. A ge mechanism for the reaction X+Hz 
—~XH+H. (a) shows the approach of X. (b) shows the 
stable molecule HX which should be present in a reaction 
mixture in fairly large concentration because of its low 
energy. (c) gives the activated state. In (d) the H atom 
1s safely away from HX and the reaction is complete. 


experimental values, these surfaces were used to 
obtain the partition function of the activated 
state. The absolute reaction rates which are 
obtained using the experimental values of the 
activation energy and these calculated frequency 
factors are quite good. It is well to note, however, 
that in the semi-empirical treatment all valence 
electrons are treated as if they were in s states; 
this error was retained throughout the calcula- 
tion and the degeneracy of the p state was 
neglected. Thus their rate should contain the 
factor 4 to weight the activated state properly. 
When this correction is also made the calculated 
value of the frequency factor for H2+Cl is 
slightly too small and that for H2+Br is too 
small by more than a factor of ten. 

A change in the activated state from linear to 
triangular would change one degree of vibration 
to one degree of rotation. A factor 


hv; Ey 
Il —exp — }exp — 
kT kT 
is replaced by 
3 hy; E,’ 
(1-exp— exp —. 
kT kT 


I is the moment of inertia of the linear activated 
complex; A, B, C the three moments of the non- 
linear complex; the »; are the vibration fre- 
quencies. This change would tend to increase 
the frequency factor since there are more rota- 
tional than vibrational states. For example in the 
calculation for H2+Br and D2+Br the rotational 
partition functions ranged in value from 3 to 6 
while the vibrational partition functions were 
from 1.0 to 1.5. 

One might thus expect to obtain better agree- 
ment with experiment if a triangular activated 
state were used. This simple consideration is by 
no means conclusive and the entire potential 
energy surface must be calculated before the 
reaction is entirely understood. There is one 
other fact which makes the triangular activated 
state desirable. The calculated ratios of the rates 


k(H2+Br) k(H2+Cl) 
k(D2+Br) k(D2+Cl) 
are smaller than the experimentally observed 
values. The reason that H, reacts more rapidly 
than De is because the decrease in zero point 
energy from the initial to activated state is 
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more for Hz than De. Wheeler, Topley and 
Eyring" suggest that their calculated vibration 
frequencies in the activated state are too large. 
The removal of one of these frequencies is thus 
desirable. If one degree of vibrational freedom is 
removed in the activated state, the rate of 
reaction of Hy, will be favored over that of De. 

It was mentioned above that on considering 
the degeneracy introduced by the p function 
the factor } appears in the reaction rate ex- 
pression. We now proceed to explain this further 
and consider the other possible effects of the p 
valence. The theory of reaction rates gives the 
total rate of reaction as the sum of the rates by 
all possible paths. It is usually assumed that 
practically all of the reaction will go by one 
path because of the exponential dependence of 
the rate on activation energy. In the present 
example the reaction H2+X—HX+H might be 
completed in an alternative way as follows. It 
will be simplest to consider the linear type 
reaction. 

The X atom might conceivably approach to 
form a II state and complete the reaction to 
form an excited HX molecule on a 'II state. 
This molecule could then radiate to form the 
normal '2 HX molecule, giving the same result 
as the reaction which took the lowest path, i.e., 
being always 2. 

The reaction is, however, so endothermic that 
its occurrence can be safely neglected. The 
HX 'II molecule has no binding energy and its 
process amounts to the dissociation of He. All 
other possible alternative mechanisms involve 
the absorption of radiation and carrying out the 
process on still higher surfaces. 

Thus the factor 3 appears since the probability 
of the activated state is reduced by the addi- 
tional surfaces which the degeneracy introduces. 
These are not capable of producing a successful 
reaction and serve as “‘blind alleys’ into which 
reacting systems may fall. Directed valence will 
always introduce a factor of this type into the 
reaction rate expression. 

In the last section the low region of the A; 
surface was shown to result from a very favorable 
charge distribution. It has often been noted! 
that the most stable states of molecules were 
generally the most symmetric. For a molecular 


4 For example Seitz and Sherman, J. Chem. Phys. 2, 
11 (1934). 
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orbital point of view this means that the total 
wave function usually belongs to the identical 
representation, i.e., it is unchanged by any 
symmetry operation. Coulson'® has discussed the 
molecular orbitals for H; and has concluded that 
the triangular configuration is less stable than 
the linear because a node which of necessity 
appears in the orbital of the third electron 
introduces repulsion between two of the H 
atoms and tends to spend the triangular system 
to form a line. Of molecular orbitals built up 
from s atomic orbitals there can only be one 
belonging to the identical representation. The 
orbital holds two electrons and a third electron 
must go up into an orbital which introduces a 
node. This electron is “‘promoted’’ and is anti- 
bonding. For an available p atomic orbital there 
can be two molecular orbitals which belong to 
A, and are bonding. The valence electrons of 
H.O, for example, are in such orbitals. These 
orbitals occur because of the greater momentum 
of the p electron. It can now occupy the region 
of low potential energy in which the hydrogen s 
electrons stay, whereas it would be kept from 
this region if it were in an s state by the exclusion 
principle. 

The formation of stable intermediate com- 
plexes has occurred a number of times in calcu- 
lations similar to this. In studying the reaction 
Gorin, Kauzmann, Walter 
and Eyring’? found a “Coulomb complex” of 
CH, and H. They attributed to this complex the 
effect of methane on the ortho—parahydrogen 
conversion. For a certain temperature range 
methane retards this conversion. The complex 
CH; would reduce the concentration of hydrogen 
atoms in the reaction system and thus slow 
down the rate of reaction. This complex has an 
activation energy for formation and therefore is 
effective only for temperatures higher than room 
temperature. 

Experimental evidence for the existence of a 
H;Cl complex is not easy to obtain. In a hypo- 
thetical system in which the reactions Cl+H: 
=HCI+H were progressing it would of course be 
impossible to obtain any evidence at all, since 
the complex would be present in equilibrium 
amount and not affect the rate. In the actual 
H.+Cl, reaction the presence of the complex 


16 Coulson, Proc. Camb. Phil. Soc. (2) 31, 244 (1935). 
17 Gorin, Kauzmann, Walter and Eyring, J. Chem. Phys. 
7, 633 (1939). 
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> total could have an effect. If such a radical were written the author's attention has been called 
entical present in appreciable concentration and dis- to some work by Steiner and Rideal' on the 
y any appeared by reaction with the atoms Cl and H_ exchange reactions between deuterium and hy- 
ed the which carry the reaction chain, the over-all rate drogen halides. Semi-empirical potential surfaces 
d that of reaction would tend to be independent of H. for the linear reactions of H and HX were con- 
> than concentration; for the rate-determining and _ structed and the triatomic complex was found 
essity chain-breaking processes would be both directly to be stable. These authors give as experimental 
ectron proportional to Hz concentration. It is well evidence for the existence of the complex the 
the H known experimentally that this is not true under acceleration of the recombination of H atoms by 
system any conditions. So under experimental conditions HCl, reported by Rodebush and Spealman."® 
ilt up an H;CI radical must be destroyed by a process The author wishes to thank Professor Eugene 
ye one which creates a chain carrier, such as Wigner for suggesting this work and for many 
a H.Cl+Ch—2HCI+Cl. helpful discussions. He also wishes to thank Pro- 
fessor Farrington Daniels and Dr. Joseph Hirsch- 
uces a At a steady state such a process could not affect felder for constant interest, and Miss Eleanor 
3 anti- the form of the reaction rate expression. A rein- Gish for checking some of the calculations. 
| there terpretation of the experimental data on such a _ 18 Steiner and Rideal, Proc. Roy. Soc. A173, 503 (1939); 
ong to scheme could hardly be profitable at present. Uae cok Seceinen, J. Am. Chem. Soc. 88, 130 
ons of Note added in proof.—Since this paper was _ (1933). 
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— The Mechanism of Reactions Involving Excited Electronic States 
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Valter 
x” of In many of the reactions of the alkali metals with the halogens the reacting system changes 
ex the from a homopolar to a polar state, or vice versa. The possibility of a restriction on this change 
jrogen is considered, and it is concluded that there will be a serious restriction only for some of the 
range atomic reactions 
M+xX—Mx, (a) 
mplex 
jrogen which are of little importance. The crossing points between the polar and homopolar states 
for the reactions 
slow M.+X—-MX+M (b) 
has an M+X:+MX+X (c) 
fore is 
. room are drawn in so close that the interaction is large enough to insure transition. Due to the three- 
fold degeneracy of the initial state of b (which arises because X is in a P state) this reaction 
has the possibility of leading directly to the excitation of the M atom which is formed. The 
e of a nature of the potential surfaces for this process are considered. The process first suggested by 
hypo- Polanyi, the excitation of M atoms by vibrationally excited MX molecules, is discussed. This 
1+H; process is possible because of a crossing of the two lowest polar states for the M2X system. 
wen be These two surfaces cross for a certain isosceles triangular configuration. Reacting systems thus 
: easily go from the lowest to the second state in this region. 
since 
brium I. INTRODUCTION true of photochemical and chemiluminescent 
actual ;:XCITED electronic states of reacting sys- ‘eactions. Potential energy surfaces become 
mplex tems are frequently of considerable im- increasingly more difficult to construct as 
. os. portance in chemical reactions. This is always systems become more complicated and as 


excitation is increased. For excited states there 
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are usually many surfaces which interact in 
various ways, cross, etc. The nature of the 
interacting forces are not very well known in 
most cases, and one frequently cannot even 
predict which of a number of states will be the 
lowest. It is important, however, to know the 
nature of potential surfaces because of their 
application in the calculation of reaction rates. 
In this paper a few simple reactions are con- 
sidered in an attempt to explain the reaction 
rates and mechanisms in terms of potential 
surfaces. 

Reactions between atoms and diatomic mole- 
cules are the most simple which can be treated. 
There is always the simplification which is very 
helpful in that the electronic states can be clas- 
sified as even and odd with respect to the piane 
of the three atoms, and are thus separated into 
noncombining groups. In this paper we shall be 
concerned with a group of reactions which have 
been extensively investigated,! the gaseous reac- 
tions of the alkali metals and halogens. (For a 
discussion of the experimental results of these 
reactions see Section V.) These reactions involve 
both the change of the reacting system from a 
homopolar to a polar state and the excitation of 
atoms. Both of these types sometimes are 
“‘nonadiabatic,’”’ and occur with a small rate 
because of a restriction in the reaction path. We 
shall see that this is by no means necessarily the 
case for either. Reactions which lead to the 
excitation of atoms can take place on surfaces 
which are as smooth as that for the ortho—para- 
hydrogen conversion. 

The considerations of Teller? on the crossing 
of potential surfaces in molecules explained 
quite satisfactorily the mechanism by which 
molecules lose electronic energy in nuclear 
motions, i.e., heat. It is clear by the principle of 
microscopic reversibility that the reverse process, 


1The experimental work and interpretations of the 
observed kinetics of these reactions are discussed in these 
and other papers. (a) M. Polanyi, Atomic Reactions 
(Williams and Norgate, Ltd., London, 1932). (b) G. Schay, 
Hochverdunten Flamen (Berlin Gebr. Borntrager, 1930). 
(c) H. Beutler and M. Polanyi, Zeits. f. physik. Chemie 
Bl, 3 (1928); S. v. Bogdandy and M. Polanyi, ibid. 1, 21 
(1928); M. Polanyi and G. Schay, ibid. 1, 30 (1928); 
H. Ootuka and G. Schay, ibid. 1, 62, 68 (1928) ; H. Ootuka, 
ibid. 7, 407 (1930). (d) M. G. Evans and M. Polanyi, 
Trans. Faraday Soc. 35, 178 (1939). (e) M. Polanyi, ibid. 
35, 195 (1939). 

? Teller, J. Phys. Chem. 41, 109 (1937); for discussion 
of the crossing of potential surfaces see also Neumann 
and Wigner, Physik Zeits. 30, 467 (1929). 
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Fic. 1. Schematic potential curves for diatomic alkali 
halide molecules. : 


the transfer of kinetic energy into electronic 
energy, can take place. Polanyi and others! 
showed that the kinetics of the halogen alkali 
metal reactions seem to point to a process of 
this kind. The reaction 


is said to be responsible for the observed lumi- 
nescence. Here MX* designates an MX (alkali 
halide) molecule in its lowest electronic state 
with an excess of vibrational energy and M* is 
excited from its normal 2S state to a ?P state. 
As a rule one expects a very small probability 
for this sort of energy transfer, and an alternative 
explanation has been suggested.* Further con- 
sideration of the potential surfaces shows that 
the process is to be expected (Section VI). 

The reactions to be expected in gaseous 
mixtures of the alkali metals and halogens are 
discussed in this paper. 


II. THE REACTIONS OF M AND X 


At first we shall consider the reactions of one 
alkali metal atom with one halogen atom. 
Although these reactions are in themselves of 
little importance (at least in determining the 
mechanism of any chemical reaction), they are 
the simplest examples of an electron transfer 
which is partially restricted. It is also interesting 
to compare them with the atomic association 
reactions which involve only homopolar inter- 
action, such as H+H—H.2.! 

In Fig. 1 schematic curves are given of the 


3 Wigner, J. Chem. Phys. 7, 646 (1939). , 
( we Gershinowitz and Sun, J. Chem. Phys. 3, 786 
1 i 
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lowest states of the MX diatomic molecule. 
Only the two lowest '2 states are usually given 
since they are the only ones of importance in the 
formation of the normal MX molecule. The 
others will also be of interest in this work since 
we are concerned with the excited states. The x 
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has been recognized that the rotational state is 
important.‘ The angular momentum acts as an 
additional potential and introduces a maximum 
in the potential curve for the molecule. This 
maximum is of course the activated state for the 
dissociation and changes position with the rota- 


states arise due to the P state of the X atom. For _ tional state. This is true of molecules which have 
these states the triplet is lowest because the exponential type attractions, i.e., homopolar 
exchange integral is positive.® bonds. Polar states such as M+X~, however, have 
The reactions which we shall consider are just potentials which attract as 1/r, and the more 
those which involve the dissociation of the rapidly varying angular momentum (1/r*) can- 
normal molecule into the atoms not introduce a maximum. The activated state 
MX—>M+X (1) for reaction (1) is thus always at the crossing 

point between the polar and homopolar states. 
This fact materially simplifies the formulation of 
M+X~Mx. (2) the rate constant, which, written in the usual 

In the dissociation of diatomic molecules it manner® is 


and the reverse reaction 


(2rmmxkT)} 


=. (3) 
(27muxk T) 822 T 1 


h? 


1 


u is the reduced mass, mumx/mmx; D is the dissociation energy to M+X;; r, is the distance to the 
crossing point and ro is the equilibrium separation. The activation energy does depend upon the 
rotational quantum number, but we can substitute the classical rotational partition function for the 
activated state. This gives 


kT re\2 
ky’ =«—(1 —e7hvolkT) (4) 
h To 


Now let us consider x. The expression k,’ without this factor gives the number of molecules which 
are dissociating at complete thermal equilibrium.’ In the present example this must be corrected in 
two ways; so we write x=ap. 

The factor p gives the fraction of the equilibrium dissociation number which comes from the normal 
MX molecule. Since there is a crossing of curves, some of those dissociating will have come from 
the excited 'Y state. So p depends upon the nature of the two states at the crossing point in the 
manner which Zener and Landau have given.® Later we shall make estimates of this factor for a 
number of cases. For the alkali halides it varies all the way from zero to unity, as seen below. 

The factor (1—«) gives the fraction of dissociating molecules which have come originally from the 
dissociated state,‘ and are redissociating because they were not stabilized. Since a three-body col- 
lision changes the potential between the pair, the rate as we have formulated it really applies only 
to molecules which are stabilized by radiation. The life of an excited MX oscillator is ~ 10~' second."* 
So ¢ is ~10—. Thus the rate of this reaction is quite slow. Actually the transfer of energy by col- 
lisions with other molecules is the most important factor in determining the rate of reaction of this 


° Magee, J. Chem. Phys., preceding paper. 

* Eyring, J. Chem. Phys. 3, 109 (1935). 

For a discussion of this and related topics see Hirschfelder and Wigner, J. Chem. Phys. 7, 616 (1939). 

* Zener, Proc. Roy. Soc. A137, 696 (1932); A140, 660 (1933); Landau, Physik. Zeits. Sowjetunion 2, 46 (1932). 
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type and one can use a o which is pressure dependent. For ionic molecules a formulation of this type 
should be quite accurate because in the neighborhood of the activated state it is only the forces 
between the two ions which are important anyway. 


For reaction (2) the rate constant is: 


(2ammxkT)} 822ur2kT 


h? 


=—K— 


12 h (2emmkT)! (22mxkT)! 


x is of course the same as in 4. The factor ;5 
takes into account the degeneracy of the dis- 
sociated state, fourfold for spin and threefold 
for orbital degeneracy. Without these factors 
(7x) the rate just gives the classical number of 
collisions between two atoms having a collision 
diameter 

We shall now consider in more detail the 
nature of the factor p of x which is determined by 
the nature of the interaction between the two 
states. The potential for the ionic state can be 
written as: 


= —Z,Z2/r+b/r". (6) 


Here Z, and Z2 are the charges on the two ions 
and ¢ is their separation; 6 and m are constants. 
n varies from 6 to 10 for the alkali halides., In 
the region of crossing (see Fig. 1) the homopolar 
nteraction is small, because of the distance, and 
ican be taken as zero.* Equation (6) gives as zero 
potential the separated ions. At the crossing 
point this has become J(M) — E(X) ; J(M) being 
the ionization potential of the alkali and E(X) 
the electron affinity of the halogen. 


I(M) —E(X) = —2ZZ2/r.-+b/r.", (7) 
(8) 


b/r." is too small to matter. Values of r, cal- 


E(X)). 


* At the separations of interest here all interactions, other 
than ionic, are less than a large Calorie, and in most cases 
much less. An interaction of a Calorie would change the 
crossing point for Na+Cl (given in Table II) only 0.6 
Bohr radii. It is doubtful whether the electron affinities are 
known well enough to give even a sign to the deviations to 
be expected for the r. values of Table IT. 


hs 


(5) 


culated from this formula for the alkali halides 
are given in Table I. Values of J(M) and E(X) 
which were used are given in Table II. The 
interaction between the initial and final states 
is approximated as follows. 


c= f MDX (9) 


M(1) is the orbital of the valence electron on M. 
X(2) is the valence Pz orbital on X, the Z axis 
being along the line of the nuclei. X’ refers to 
the same orbital when occupied by two electrons. 
H, is the perturbation energy operator. 


1 1 1 1 


12 7x1 


(10) 


TABLE I. Distance of crossing between polar and homopolar 
states of M—X as calculated from 8 (in Bohr radii, 0.53A). 


Li Na K 


F 22.0 27.4 144.0 
Cl 16.8 19.8 47.7 
Br 14.8 17.0 34.6 
I 12.6 14.3 24.7 


* For Cs and F there is no crossing. 


TaBLeE II. Ionization potentials of M and X~. These 
values of I and E were obtained from Herzberg, ‘Atomic — 
Spectra and Atomic Structure”’ ; values of a from Eq. (15). 


T ELECTRON 


1 kT 

|_| 
| 

Rb Cs 

933.8 _* 

66.2 | 225.7 

43.1 79.6 

295 | 41.7 

M VOLTS x E a 
Li | 5.363 | 0.629 F 4.13 | 0.552 f 
Na| 5.12 0.615 Cl 3.75 | 0.526 
K | 4318 | 0.565 Br 353 | 0511 
- Rb| 4.159 | 0.554 I 3.22 | 0.488 
Cs | 3.87 0.535 
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As rmx is increased, the first and third terms on 
the right quickly become equal and cancel. The 
value of ¢ in the region of interest is given by the 
difference of the other two terms. It is difficult 
to say without calculation how large this dif- 
ference is; both terms asymptotically approach 
the same value (2/rux)f/M(1)X’(1)d71. One 
might guess that ¢ is roughly proportional to 
this quantity for a restricted region of rmx 
values. All of the integrals which appear in (11) 
have been calculated for the case that all orbitals 
are 1s orbitals.® « obtained from these integrals 
varies from } to 3 of (1/rmx) f/M(1)X’(1)d7; for 
distances from 3 to 12 Bohr radii. Due to the 
screening constant for the alkali halides, which 
is approximately 0.5, these distances correspond 
to from 6 to 24 Bohr, radii, which includes a 
number of the most interesting cases (see Table 
I). We shall approximate ¢ as 


1 
Sux, (12) 


e~ 


5rux 


where Sux = J M(1)X’(1)d71. 
In order to calculate Syx we use one electron 
atomic wave function!® of the type 


P= Nr 
Here n* is the effective principal quantum 
number, 3* the effective nuclear charge, N the 
normalization constant, and 7 the distance of the 
electron from the nucleus. We are interested in 
the overlap for large nuclear separations. For 
large r the wave equation becomes 


1 


#\ 2 1 
ly~ -- —= (13) 
2 ar? 2\n* 2 


Atomic units are used, and a is defined by the 
nee and Weygandt, J. Chem. Phys. 6, 806 
"Slater, Phys. Rev. 36, 57 (1930). 


M(1)X’(1)d7; 
f (11) 
TX, 


equation. Also 


Hy=—TIy, (14) 


I being the ionization potential of the electron. 
So that 
2=2], (15) 


In Table II values of @ calculated from Eq. 
(15) are given. The ionization potential for X~ 
is, of course, just the electron affinity of X. 

Values of ¢ obtained in this manner are prob- 
ably correct to within a factor of 2 to 5 for values 
of r. from 5 to 15A (~10 to 30 Bohr radii). For 
r. values larger than this the calculated values 
are too large. But at least one can obtain a 
semiquantitative idea as to the ease of electron 
transfer in these particular reactions. One can 
remember that values of e~kT lead to a transi- 
tion probability (p value) ~1. 

Zener and Landau*® have given the probability 
in which we are interested as: 

(—4n*e*) 
p=1—exp (16) 
hv| S;—S;' 


in which v is the velocity of motion on the poten- 


TABLE III. 


0.01 0.001 0.0001 0.00001 0.051 


CO. 
p 0.276 0.0531 0.00774 0.001027 0.000128 0.05156 


4xtemd 
p=1—e 


Ce 
(2kT)th | Si —Sy | 


TABLE IV. Interaction energy as calculated from (12). 
Energy 1s given in small calories. 


Li Na K Rb Cs 
F 12 4 10-*4 
Cl 228 219 10-3 
Br t 10 1 
I t t 287 170 17 


* Matrix element small, << 1 calorie. 


+ Matrix element large, ~ 1000 calories or more. 
— No crossing. 
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Fic. 2. Schematic curves for linear approach of X to Mo. 


tial curve at the transition point, |.S;—S;| is the 
absolute value of the difference in slope of the 
two crossing curves at their crossing. Since the 
probability depends upon the velocity, an aver- 
age must be made over all velocities. Stearn 
and Eyring". have obtained this average by 
graphical integration. In Table III some of their 
values of p are reproduced. They found it con- 
venient to express the results in terms of a 
quantity 


c= 
(2kT)*h| Si—S,| 


For small values of c, i.e. when ¢ is small, c is the 
value of p one obtains by substituting the ‘‘most 
probable’”’ velocity in Zener’s formula. It is seen 
that the averaging process greatly increases this 
probability, especially for small c, because the 
systems with small relative velocity have so 
much greater probability than the average. For 
values of c larger than ~0.1 this effect is not very 
important. 

Using the values of « from Table IV one finds 
that, at 500°K, p for NaCl is 0.93, while that 
for Na-F is 0.008. An examination of Table IV 
shows that about half of the association reactions 
for the alkali halides should be exceedingly slow 
because of small p values. None of these rates 
have been measured but we shall give expressions 
for NaCl as an illustration. 


(17) 


kT 


4 Stearn and Eyring, J. Chem. Phys. 3, 778 (1935). 


For x we can substitute!” 


8 


93 
kT/h+k,’ 
where k,’ is the rate of the reaction 
NaCl*+third body—NaCl+third body. 


In a gas at total pressure 1 atmos. this would 
become approximately «~10-*. 
The rate of the reverse reaction is 


ko! =§x(0.450RT) 11.10 K 10-4. 


(18) 


(19) 


III. THE REACTIONS OF Mz X 
M.+X—MX-+M. (20) 


Since X is in a P state there are three potential 
surfaces upon which these reactions can take 


' Fic. 3. Curves for the approach of X to form isosceles 


triangle with Me. 


place. In Figs. 2, 3 and 4 rough schematic 
diagrams are given to illustrate the nature of 
these surfaces. In Fig. 2 the linear approach of 
X to Mz is shown. The abscissa is the distance 
from the midpoint of Mz to X. The curves are 
classified as = and II as in Fig. 1. The complete 
curves are for the polar states. The homopolar 
curves are discontinued after their crossing with 
the polar states in order to avoid unnecessary 
complication. The two lowest (2) polar states 
are formed from normal M2 molecules. The lower 
one corresponds roughly to the M atom nearest 
X being ionized and the upper one to the other 


M atom being ionized. The upper (I) polar 


2 This formula giving the pressure dependence of ¢ is 
due to Professor Henry Eyring. I would like to thank 
him for a very helpful discussion on this point. 
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states are formed from excited Mz molecules, 
which on dissociation yield M ?S+M 2P. These 
correspond in the same way to one or the other 
of the M atoms being ionized. There are also = 
polar states of energy near these, but slightly 
lower, formed from the = states of this excited 
Mz molecule. They are omitted because they are 
not of importance in the linear reaction. 

The > state for the reaction system is com- 
parable with the M+X reaction discussed in 
Section II. It leads directly to the formation of 
MX in its normal state provided the electron 
transfer at the crossing point is permitted. In 
case this is not permitted, the homopolar state 
is retained and the system approaches closer to 
another polar state crossing where it will have 
a better chance of changing surfaces because of 
the smaller separation. After this has taken 
place the reaction is completed to form a normal 
MX molecule and an excited M atom. (See dis- 
cussion of Fig. 4 for mechanism of this process.) 
The = reaction may thus lead either to a normal 
or excited M atom depending upon the mag- 
nitude of the interactions at the various crossings. 

The II state cannot react with the lowest 
polar state because it is of different symmetry. 
In order that it may become a polar state the 
remaining electron of M.*+ must be excited to 
leave the system in a II state. This ‘‘symmetry 
restriction” is just the observance of conserva- 
tion of momentum. Systems in II linear states, 
if they lead to reaction at all must leave the M 
atom excited. We shall discuss the matrix 
elements for these various crossing points later. 

Now let us consider the surfaces for another 
special case, namely, the approach of M2 to form 


Fic. 4. Curves showing how reaction system at point 6 of 
Fig. 3 completes reaction yielding excited M atom, 


TABLE V. Limits (in Bohr radii) for the crossing of the 
tonic state and homopolar state for M2+X. 


Na K Rb Cs 


27.4-15.4 | 144.0-38.6 | 933.8-52.2 142.5 
19.8-12.7 | 47.7-25.0| 66.2-30.1 | 225.7— 47.5 
17.0-11.5 | 34.6-20.8| 43.1-24.2 | 79.6- 34.3 
14.3-40.2 | 24.7-16.8] 29.5-19.0| 41.7- 24.6 


an isosceles triangle with X. For this special 
symmetry the states are divided into four classes. 
(The symmetry group is C2,, Schoenfliess nota- 
tion.!*) In Fig. 3, the x and y axes are in the 
plane of the figure and the z axis is pointing up. 
The four classes of states are: A,—totally 
symmetric; Az, antisymmetric with respect to 
reflection in the xz and xy planes; By, antisym- 
metric with respect to rotation of 180 degrees 
about the x axis and reflection in the xz plane; 
Bz, anitsymmetric with respect to rotation about 
the x axis and reflection in the xy plane. 

There are pairs of polar states as before, but 
this time they do not have the simple meaning 
of one or the other atom being ionized since the 
atoms are entirely equivalent. It is quite certain 
that these pairs of polar states cross at some 
point as shown in Fig. 3. and this will be an 
important point in a later discussion (see Fig. 5). 

The systems which react are originally in the 
states A,, and B,. Mz can only be totally 
symmetric; so the three possible symmetries are 
determined by the P eigenfunction of X. Natur- 
ally if they join polar states, these latter states 
must have the same symmetries. So only these 
polar states are shown in the figure. Actually 
there are two other pairs which have been 
omitted to avoid complicating the figure. 

The totally symmetric A, state forms a normal 
MX molecule interacting with a normal M atom 
if it is successful in transferring to the polar 
state. The B, state forms directly an excited M © 
atom interacting with a normal MX molecule. 
The Bz state, on the other hand, forms a polar 
complex in which the excitation energy belongs 
more to the complex as a whole. On dissociating 
one knows that it should yield an excited M atom. 
In Fig. 4 a diagram is given to show how this is 
effected. The points a and 6 correspond to points 


13 Group theory references: Mulliken, Phys. Rev. 41, 
49 (1932); Rosenthal and Murphy, Rev. Mod. Phys. 8, 
317 (1936); E. Wigner, Gruppentheorie (Vieweg, Braun- 
schweig, 1931), 


F 22.0-11.4 
cl 16.8- 9.8 
Br 14.8- 9.1 
I 12.6-— 8.2 
(18) 
vould 
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on Fig. 3. The abscissa gives the distance of an 
M atom from the MX molecule. First following 
the point a to the right of the figure marked 
M+X-+M we have in a rough way completed 
the lowest path for reaction 20. As one M is 
moved away it is no longer equivalent to the 
other, which now forms M*+X~ with X. In the 
higher surface, however, as M is moved away it 
insists on going away charged, and would dis- 
sociate into MX~+M?* on this curve. It crosses 
very soon the state which leaves MX normal and 
gives the excitation to M as a P state. (This 
third curve is one of those which have been 
omitted from Fig. 3.) 

Thus we see that of the surfaces on which 
M2+X can react one will lead to the normal 
electronic state of both products (with the heat 
of reaction in thermal motion) while two will lead 
to excited M atoms. There are two factors which 
determine which of these will take place: transi- 
tion probability, and activation energies. These 
require further consideration. 

The reactions which lead to the normal 
products all require the transfer of an electron 
from M; to X at a fairly large distance, but they 
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will always have less restriction than the cor- 
responding M+X _ reactions because of the 
larger ionization potentials for M». In Table V 
“limits” are given for the distance of the crossing 
point. The upper limit is that for M+X and 
would be correct if M.*+ had the same binding 
energy as M2; the lower limit gives M2* no 
binding energy. For H.*+ the binding energy is 
approximately half that of He. If such a rela- 
tionship is approximately valid for the diatomic 
alkali molecules the midpoint of these limits 
should be about the true distance. On this basis 
the reactions of Li and Na with all the halogens 
should take place without restriction, i.e., having 
p~1. One cannot be sure about these deductions 
but there is most likely a restriction on some of 
the reactions of K, Rb and Cs. This should be 
true especially of Rb and Cs with F, Cl and Br. 
It should be remembered that this “restriction” 
does not mean lack of reaction but that all 
possible reactions will lead directly to an excited 
M atom. 

Now let us consider the absolute rate of this 
reaction. The reaction rate constant for this 
bimolecular reaction is readily written as: 


1 kT h’ 


i=1 1 — hvilkT 


bu! 


3h 


(QrmxkT)! 


hs 


A, B and C are moments of inertia of the acti- 
vated state ; m*=mm,+mx. The slow step in the 
reaction most likely comes at the crossing point 
between the polar and homopolar states. This 
will be true even if the p factor is of the order of 
unity. Since the homopolar interaction at such 
‘distances is small one does not expect much 
activation energy and we take E,=0. It is con- 
sistent with this assumption to say that the 
motions of the activated complex are essentially 
classical. So we say that Mz has its same rota- 
tional and vibrational degrees of freedom. These 
terms thus cancel out of the rate expression. 
There are two other degrees of freedom for the 
activated state which correspond to rotation of 
the complex as a whole. Thus it is seen that the 
assumption made is equivalent to replacing a 
vibrational degree of freedom by one rotational 


hb 


1 —ehvolkT 


h? 
degree. For a very weak potential this is of 
course valid." 

Making these changes we have finally 


2 2rkT\? 
Roo’ ) ’ 
3 


(22) 


where p= (mm,mx)/(mm,+mx) ; r is the distance 
from the center of Mz to X. It is to be noted that 
this expression apart from the factor 3 just gives 
the classical number of collisions between M» 
and X, if their collision diameter is r.. The 


4] would like to thank Professor Henry Eyring for 


discussions of the absolute reaction rate expressions used 
in this paper. The validity of this theory for reactions 
having no activation energy has not been accepted uni- 
versally. See for example Wigner, J. Chem. Phys. 7, 646 
(1939). It does, however, lead to the collision theory in 
the limit and probably better in all cases then kinetic 
theory. For references on this topic see especially Eyring, 
J. Chem. Phys. 3, 107 (1935). 
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derivation by means of the rate theory does, 
however, lead to a better understanding of what 
assumptions are involved when one says that 
a reaction proceeds ‘‘at every collision.” 

Now let us consider the reactions of M.+X 
which lead to the excitation of M. First the 
question of activation energy. For the states 
which are odd with respect to the plane of the 
reaction the exchange integrals between M and 
X are positive.’ This is easily seen when one 
notices that due to the oddness of the state only 
that part of the exchange integrals does not 
vanish which involves repulsions between elec- 
trons. Activation energies arise because of large 
negative exchange integrals. The sign of the 
interaction is determined for M.+X asattractive, 
and thus there cannot be an activation energy at 
all. The only restriction on the reaction is pos- 
sibly the matrix element. Now we shall examine 
that. 

The eigenfunctions for the initial and final 
states are: 


¥i= (a(1)b(2) +a(2)b(1))c(3) 

— (a(2)b(3)+a(3)b(2))e(1), (23) 
¥j=a*(1)c’(2)c’(3) 
The atoms are designated as M M X. a* denotes 

abe 

the P state of M and c’(2) the proper orbital of 
X~. All of the integrals vanish, for the odd state, 
except 


aT13 
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x (24) 


K is defined by the equation. This integral has 
been calculated for excited Hy by Kemble and 
Zener.'® For the alkali halides it will certainly 
be larger than that for H2; and so this may be 
taken as a lower limit for the matrix element. 
The values are given in Table VI. R is the dis- 
tance between the centers and a the scale factor 
which was discussed in the previous section. The 
energy is in atomic units (624 Calories). 


TABLE VI. 


aR 


4 
RK (aR) 0.112 


3 
0.189 


1 2 
0.204 0.246 


% Kemble and Zener, Phys. Rev. 33, 512 (1929). 
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To get an idea as to the correct value to take 
for the crossing we take 


1 
I*(M) —E(X)+23Em, 


I*(M) is the ionization potential of excited M, 
E(X) is the electron affinity of X and Ey, is the 
binding energy of Me. This is, of course, a guess 
and is neither an upper nor lower limit (vide infra). 
For Naz+Cl this distance is 8.8 Bohr radii. For 
an isosceles triangle having NaCl distances this 
value, the calculated matrix element is ~ 1000 
calories. Our previous discussion of transition 
probabilities tells us that this reaction should 
occur. For linear configurations, however, it is 
not so large and the system might easily approach 
closer on the same homopolar curve and finally 
go to a state for higher excitation of M than 2P. 
In fact one might reasonably expect all states of 
excitation for which there is enough energy. 

The other reaction which leads directly to 
excitation of M takes place easier than this odd 
reaction. It goes on the surface which (in Fig. 3) 
for isosceles triangle symmetry is designated as 
B,. The only restriction would come for the 
homopolar-polar transition and this occurs easier 
than the lowest (A;) mechanism. 

Since we expect these last two mechanisms to 
take place without activation energy it is 
reasonable to assume classical motions in the 
activated state as we have done for the first case. 
We are led to the same rate expression as before, 
Eq. (21), for the rates of these reactions the only 
difference being that other values of 7, are to be 
used. 

Polanyi'* has given the rates for the reactions 
of Naz with Cl, Br and I. He has shown that they 
go without activation energy and more rapidly 
than he calculates, using kinetic theory diam- 
eters, for reaction at every collision. We shall 
calculate these rates using the rough r, values 
obtained in the manner we have discussed above. 

For Naz+Cl—NaCl+Na 


(25) 


1 2 
k’ =-9.25 10'4+-3.04 X10" 


3 3 
milliliters 
=5.11«10!4 (25a) 
moles sec. 


The experimental value is 1.510". 
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Due to the roughness of the calculation one 
cannot say why the calculated value is too large 
by a factor of three. Probably the value taken 
for 7. for the first mechanism is too large. One of 
the mechanisms may be excluded for reasons 
which are not apparent from our discussion. 
Nonclassical behavior of the activated states 
would also make the rate smaller, as well as the 
actual existence of a restricted transition. 

For Na2+Br and I we have 


calc. 
2.98 
2.10 10"4 


exp. 
1.5 10" 
0.26 X 


Nae+Br 
Naot+lI 


IV. THE REACTION OF X2 WITH M 
M+xX.-MX+X. (26) 


For this reaction there is one surface which is 
definitely lowest. The original reacting system 
is nondegenerate; so we only have one reaction 
to consider. This reaction does involve going 
from a homopolar state to a final polar state. 
However, one does not expect a restriction at all 
in this transition. The crossing is brought in even 
closer than that for X+Mz because of the 
lessened electron affinity of X»2. The electron 
affinity of the halogen diatomic molecule is not 
known. We may guess at this in the following 
way. For Me: we attributed the binding energy 
to the two electrons equally. In molecular orbital 
language the binding is due equally to the two 
valence electrons in bonding orbitals. The extra 
electron for X:~ must go to the antibonding 
orbital corresponding to the bonding orbital, and 
we may expect that it is in a state which is just 
about as repulsive as a bonding state is attractive. 
In the same manner as used in Section II we 


obtain 
1 


~T(M) —E(X) x, 


Here atomic units are used. For Na+Cl: the 
calculated value is 10.4 Bohr radii which is much 
too small a separation to expect a restricted 
transition. This, of course, assumes small homo- 
polar interaction and is, like the other values of 
re given above, just a reasonable guess. 

Using the previous arguments about the 
classical nature of the activated state we obtain 
again Eq. 21 for the rate constant except that 


(27) 
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the factor } is omitted. The calculated rate for 
Na+Cle is 4.4810! milliliters (moles sec.)~'. 
The observed rate is 4.110'*. This agreement 
is better than one has reason to expect. 

For Na+lI,. the calculated rate is 5.98 X10"! 
to be compared with the experimental value 
6.110". 


V. THE REACTIONS IN HIGHLY DILUTE FLAMES 
oF ALKALI METALS AND HALOGENS 


An extensive amount of experimental work 
has been done on the gaseous reactions of various 
halogen containing compounds with alkali metal 
vapors at very low pressures, ~ 10~* atmosphere. 
In this paper we shall only be concerned with 
that of Polanyi, Beutler, Schay and others! in 
which the reactions of the halogens themselves 
were studied. The alkali metals used were chiefly 
sodium and potassium. The mechanism which 
these authors give to explain the experimental 
facts appears to be in excellent agreement with 
them. We shall consider it briefly. 

Under the conditions of the experiment 
(~500°K and 10-* atmos.) the alkali metals 
exist chiefly as atoms. The halogen diatomic 
molecules react first with them. 


M+X:-MX+X. (28) 


The halogen atom then reacts with an M, 


molecule. 
M.+X—-MX+M. (29) 


The reaction M+X—MX has a negligibly 
small rate because of the low pressure, but a wall 
reaction accompanies these 


M+xX-+Wall—MX. 


There is a very bright luminescence observed 
for this series of reactions. It has been proved to 
be radiation from the M atoms and to be excited 
in homogeneous gas reactions. Reaction (28) is 
not exothermic enough as a rule to excite an M 
line. Reaction (29), releases most of the energy 
and Polanyi et al. attribute the luminescence to it 
in this manner: the heat of reaction goes into 
MX in the form of vibrational energy; these 
vibrationally excited MX molecules transfer 
their excitation to an M atom on collision. 
Quenching experiments have been used to prove 
that in certain cases the excitation must exist for 
a time in the MX molecules; the radiation is 
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quenched more strongly by foreign gases than 
could be possible if M were excited directly. The 
luminescent yields have been estimated as ~1 
for ideal conditions. Polanyi did not consider the 
possibility of direct excitation such as we have 
done above. 

Let us now consider the luminescence yields 
to be expected on the basis of the calculated rate 
constants for the reaction of chlorine with 
sodium. The rate constants (see Eq. (25a) above) 
for the two reactions which lead directly to the 
excitation of the sodium are both given as 
} 3.0410" and the other reaction which does 
not excite the sodium, has a constant of 
} 9.2510". If we assume that a fraction n of 
the NaCl molecules which are formed in the 
third reaction are capable of exciting a sodium 
atom later (by a mechanism which will be dis- 
cussed in the next section), the luminescence 


yield will be 


2 n 
3.04 X x 


2 1 
10" 
2.03 +3.08n 


This neglects the possibility of quenching the 
excited sodium atoms before they emit light, 
which is usually not very important. We must 
now make an estimate of n. 

It takes 48.2 Calories to excite the sodium D 
line and the reaction is exothermic approxi- 
mately 74 Calories. If we assume that every NaCl 
molecule which retains 48 Calories of this heat of 
reaction in vibrational ehergy can exite an M 
atom (neglecting for the present a discussion of 
this possibility) we can estimate nm as follows. 
The triatomic reaction system Na2Cl has nine 
degrees of freedom. Because of the conservation 
of the translational and rotational energy of the 
complex as a whole there are only three degrees 
of freedom into which the heat of reaction is 
allowed to go. A little consideration shows that 
these are: (1) the relative translation of the 
products, (2) one rotational degree for NaCl, 
(3) the vibration of NaCl. One cannot actually 
calculate how much energy goes into each of 
these degrees without knowing the complete 


(31) 


potential surface for the reaction, but it seems 
reasonable in this case to expect a distribution 
quite close to thermal equilibrium. In order for 
the products of a reaction to have a very special 
sort of distribution of the reaction energy the 
potential surface must be very restricting—i.e., 
only systems can react which have a very special 
set of initial conditions. It is difficult to imagine 
a system of this sort having a zero or even low 
activation energy. So it seems consistent with 
previous assumptions regarding the classical 
nature of the motions in the activated state to 
assume a classical distribution of energy in the 
products. The probability that an oscillator in 
equilibrium with two degrees of freedom shall 
have 48 or more of 74 calories is (74—48)/74 
=0.35=n. This gives 1/=0.61. The observed 
yield is somewhat higher than this, ~ 0.8. Our 
calculated rate constant was too large and this 
result probably means that the value of r, for 
the first mechanism is too large. 

The main point to be made in this discussion 
is that the light yield is probably shared by the 
two mechanisms. This would account for the 
quenching results, and also the high yields of the 
halogen reactions as compared to others having 
equal exothermicity but lower yields because 
they lack the possibility for direct excitation. 
Consider as an example the reaction of HgCl. 
with Na. The reactions which occur are :'¢ 


HgCl.+Na—HgCl+ NaCl, (32) 
HgCl.+Na—NaCl+Hg. (33) 


There is no possibility for direct excitation of an 
Na atom in this sequence and yet there is 
luminescence. The yield is much lower than that 
given above, ~0.11. The heat of the second 
reaction is ~63 Calories while that of the first 
is less than the sodium excitation energy. From 
our previous discussion we might expect a yield 
as high as (63 —48) /64=0.23. This confirms our 
suspicion that the calculation gives a value of n 
much too high, and every NaCl molecule with _ 
48 Cal. vibrational energy cannot excite an Na 
atom. 

The yields for all the mercury halides, cadmium 
halides, etc., which react as HgCle, are an order 
of magnitude lower than those for the halogens 
themselves. Most of these have yields much less 
than 0.01. 
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Fic. 5. Comparison of the A; and By» states shown in 
Fig. 3. In (a) A; is lower than Be. In (b) Be is the lower 
of the two. A system having gone from configuration a to 
b always remaining isosceles triangular would have retained 
its symmetry and thus gone from the lower to the higher 
surface or vice versa. If it went by a path such as indicated 
by the broken lines, however, it would stay on the lower 
or higher surface on which it originally was. At some 
configuration such as shown in (c) the two surfaces have 
equal energy. They intersect in a line in configuration 
space, the configuration corresponding to the M’s being 
on the broken lines of (c). 


The yield for the reaction Na,+I—Nal+Na 
is to be contrasted with that for HgCl+Na 
—NaCl+Hg. The former has a heat of reaction 
only one Calorie in excess of the excitation energy 
and has a light yield of 0.4; the latter has a heat 
of reaction of fifteen Calories in excess of the 
excitation energy with a light yield of only 0.1. 
This is because the former has the possibility of 
a direct excitation of the Na atoms in the reac- 
tion while the latter does not. 

Very accurate quenching experiments for 
these reactions would be interesting. One might 
determine experimentally the relative importance 
of the various mechanisms for M.+X. These 
should be quite different for Rb and Cs than for 
Na and K. For the reaction of Cs and Cl, for 
example it is quite certain that there could only 
be direct excitation of the Cs since the crossing 
point is much too far to expect a successful 
transition at the first crossing. 


VI. THE TRANSFER OF VIBRATIONAL TO 
ELECTRONIC EXCITATION 


(MX)*+M—>MX-+M*. 


In this reaction the system is originally in its 
‘lowest state and finally in its first excited state. 
In order for this to take place with an appreciable 
rate there must be some configuration for which 
these states actually have equal energy. Other- 
wise there cannot be an appreciable probability 
for the process to occur. The general features of 
the crossing of potential surfaces have been dis- 
cussed by several authors.” We shall consider the 


(34) 
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matter as follows (see Fig. 5). For general con- 
figurations the states of M2X are classified as 
even and odd with respect to the plane of the 
atoms. The initial state (on the left of 34) is even 
and thus must remain even. For general con- 
figurations all one can say is that the system 
initially in its lowest state should remain there. 
For the special configuration of isosceles triangle, 
however, the first and second states are non- 
combining and can cross rigorously. 

In Fig. 5(a) the state symmetric in the two M 
atoms (or ions) is the lowest. One is sure of this 
because the M’s are close together and their 
energy is lowest when they attract. For 5(b) the 
state which is antisymmetric in the M’s is 
lowest. It can gain more energy from interaction 
with the X~ ion than the symmetric state having 
that configuration. If one turns an isosceles con- 
figuration having a small angle to a linear 
complex there is always one point at which these 
two lowest states are equal. Thus a system in this 
neighborhood can change from the first to the 
second surface quite easily. After the system 
gets to the second surface the excitation of M 
occurs as indicated in Fig. 4. 

The rate of this reaction brings in an interest- 
ing point. The activated state for 34 is at the 
crossing of the two surfaces discussed above. 
This is true because we are considering only 
those systems which have enough energy to 
complete the reaction, and the slowest step will 
be in changing to the proper surface. If we were 
considering the rate of this reaction for an NaCl 
gas at thermal equilibrium with an Na gas, the 
activated state would be at the point of highest 
energy. It would contain no property at all of 
the surface in the neighborhood of our present 
activated state. 

It is not worth while to attempt an estimate 
of the rate of this reaction. Since the motions of 
the activated state cannot be taken as classical 
and the distances are somewhat smaller than 
those of the other complexes discussed, the rate 
will probably be smaller but certainly of the 
same order of magnitude. 

I would like to thank Professor Eugene Wigner 
for calling my attention to this problem and for 
a number of very helpful discussions. Thanks are 
also due Professor H. Eyring, Professor S. 
Glasstone and Dr. K. J. Laidler who read the 
manuscript and gave valuable suggestions. 
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The Fundamental Frequencies of Certain Trihalomethanes 


G. GLOCKLER AND G,. R. LEADER! 
School of Chemistry, University of Minnesota, Minneapolis, Minnesota 
(Received May 2, 1940) 


The Raman spectra of dibromochloro-, bromo-dichloro-, dichlorofluoro-, chlorodifluoro-, 
dibromofluoro- and bromochlorofluoro-methane have been studied. Their fundamental fre- 
quencies have been correlated and systematized. Simple graphical means were used to predict 
the Raman frequencies of CHBrF2 and CHF3. It was found that the C—X bond will show a 
“characteristic” frequency whenever the halogen X is the only and lightest of this type in a 


halomethane. 


I. INTRODUCTION 


N this paper we discuss the relation of the 
Raman spectra of the following compounds: 

CHBr;3, CHBr.Cl, CHBr2F, CHBrCl., CHBrF»2, 
CHBrCIF, CHCl, CHChF, CHCIF2, CH2CIF, 
CClz;F and CHF;. From the point of view of 
symmetry there are only five classes of halo- 
methane derivatives although the number of 
individual halomethanes which are possible is 
very large. The individual symmetry classes are 
characterized by the following elements of sym- 
metry: Ta (e.g., CCla); Cav (e.g., CHCls); Co 
(e.g., CHeCle); (e.g., CHCIF) and C; (e.g., 
CHBrCIF). 

A great deal of work has already appeared on 
the modes of vibration of compounds of the first 
two classes. Because of degeneracy, the Raman 
spectra of such molecules show relatively few 
lines and, moreover, the high degree of symmetry 
which they possess simplifies the problem of 
applying to them the theory of small vibrations, 
permitting one to calculate values for their vibra- 
tional frequencies and thus facilitating assign- 
ment of the observed Raman lines to given 
vibrational modes.?~* In the third class, there is 
no longer any degeneracy and hence nine distinct 
frequencies are to be expected for such molecules, 
all of them active in the Raman effect. Because 
of the reduced symmetry, the problem of calcu- 
lating these nine frequencies is considerably more 


‘This article is based upon a thesis presented to the 
faculty of the Graduate School of the University of 
Minnesota by Gordon R. Leader in partial fulfillment of 
the requirements for the degree of Doctor of Philosophy. 

°H. Urey and C. Bradley, Phys. Rev. 38, 1969 (1931). 

° J. Rosenthal, Phys. Rev. 45, 538 (1934). 

a — and H. Voge, J. Chem. Phys. 4, 134-143 


> J. Wagner, Zeits. f. physik. Chemie B40, 36 (1938). 


difficult than in classes 1 and 2. The vibrational 
modes of most molecules of class 3 are therefore 
less well established than those for the first two 
classes, especially with regard to the assignment 
of the Raman lines of specific compounds to their 
fundamental vibrations. However, the excellent 
paper recently published by J. Wagner® giving 
new measurements, polarization studies and 
calculations on methylene halides has greatly 
improved the situation. 

In the present paper molecules of the type 
CHX2Y and CHXYZ which belong to classes 
four and five will be considered. Molecules of 
class four possess only a plane of symmetry and 
hence it is difficult to calculate the vibration 
frequencies of such molecules by the conventional 
methods. However, the Raman spectrum of the 
molecule CHX2Y, where X and Y are different 
halogen atoms, bears a much more apparent 
relationship to the spectrum of the symmetrical 
molecule CHX;, from which it may be considered 
derived, than is the case with CHC]; and CH2Cle, 
for example, since the relative change in mass 
produced by substituting one halogen for another 
is much less than the change produced by sub- 
stituting a halogen for a hydrogen atom. Hence 
the generic relationship between the Raman lines 
of molecules in the series CHX;—CHX2Y 
—CHY2X—CHY; can be traced fairly readily, 
and the inner consistency of such a set of data, 
if achieved, constitutes a fairly strong argument 
for the correctness of the Raman lines chosen. 
Our attack on the present problem has been 
based largely on this consideration. A sufficient 
amount of data has been gathered to make this 
procedure possible. If the fundamental vibrations 


6 J. Wagner, Zeits. f. physik. Chemie B45, 70 (1939). 


699 ‘ 


700 


of the molecules CHX2Y and CHZ2Y have been 


correctly chosen, then the problem of selecting 
the fundamental vibrations of the molecule 
CHXYZ becomes fairly simple since each of its 
Raman lines should lie between the corresponding 
lines of the other two compounds as shown in 
Fig. 4. 


II. SYMMETRY PROPERTIES OF THE NORMAL 
MODES OF VIBRATION 


Molecules of the type CHX2Y belong to the 
symmetry class C,. The predictions of group 
theory concerning the symmetry properties of 
the normal modes of vibration of pentatomic 
molecules of this type are given in Table I.” The 
numbering of the lines corresponds to that em- 
ployed by Kohlrausch for CHCI;.7* The vibra- 
tions are either symmetrical or antisymmetrical 
to the molecule’s one plane of symmetry. Mole- 
cules of the type CHX YZ have no symmetry and 
hence should show nine distinct fundamental 
vibrations, all of them polarized. 


III. EXPERIMENTAL RESULTS 


Data on the Raman spectra of all the com- 
pounds discussed in the present paper (with the 
exception of CHF; and CHBrF;:) have already 
appeared in the literature.“ We have repeated 
determinations on three of these compounds in 
an effort to settle a few remaining doubtful 
points about their Raman spectra. Results ob- 
tained are as follows (cm~"): 

CHBrCle: 214.6 (9) (a, b, c), 220.4 (10) (a, b,c), 
329.6 (8) (a,b,c), 601.7 (9) (a,c); 718.8 (4, 


TABLE I. 
STATE OF 
Povariza- | No. oF 
TYPE oz TION LINES NOTATION 
A ds dp 3 V3V5V9 


7K. W. F. Kohlrausch, Der Smekal-Raman Effekt, 
a car (J. Springer, Berlin, 1938), p. 43. (b) page 


8 C. Bradley, Phys. Rev. 40, 908 (1932). 
os = Glockler and J. Bachmann, Phys. Rev. 55, 669 
ane Glockler and J. Bachmann, Phys. Rev. 54, 970 
1G. Glockler and G. R. Leader, J. Chem. Phys. 7, 
553 (1939). 


*G, Glockler and G, R. Leader, J. Chem, Phys. 8, 


125 (1940). 
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broad) (a, c); 760.0 (3, diffuse) (a, c); 1170.8 (2) 
(c); 1214.3 (1) (c); 3020.5 (5) (a, b,c). 

CHCIF2: 369.1 (4) (c); 410.5 (3) (c); 415.4 
(10) (a,c); 595.1 (9) (a,c); 793.8 (4) (a, b,c); 
804.7 (4) (a, b,c); 1088.4 (1, diffuse) (c); 1310.2 
(2) (a,c); 1350.0 (2) (a,c); 3035.0 (6, broad) 
(a, c). 

CHBr.F: 171.4 (10) (a,6,c,d); 296.5 (5) 
(a, b, c); 340.7 (1) (a,c); 359.0 (9) (a, c); 620.4 
(10) (a, b, c,d); 656.7 (0) (c); 704.9 (4, broad) 
(a, c); 1064.0 (2, diffuse) (c); 1169.6 (1) (a,c); 
1293.2 (3) (a,c); 3017.2 (6) (a, b,c). [a=4046; 
b=4077; c=4358; d=4347 ]. 

CHBr.F was prepared by treating CHBr; with 
SbF; and Bre, according to the procedure of 
Swarts." Seven cc of material boiling at 65—66° 
at 740 mm was used for the Raman study. It was 
vacuum distilled into the Raman tube, and the 
tube was finally sealed under vacuum. No filters 
were used. The material discolored only slightly 
during exposure. No lines appeared in its Raman 
spectrum that could be attributed to any likely 
impurity. 

CHBrCl, was prepared by refluxing together 
for 12 hours CHBr; and CHCl; with a small 
amount of anhydrous aluminum chloride and a 
drop of bromine as catalyst. Interchange of the 
halogen atoms between CHBr; and 
molecules occurs under these conditions, and a 
mixture is finally obtained containing CHCl;, 
CHBrCl., CHBr2Cl and CHBr;. These sub- 
stances can be readily separated by fractional 
distillation after separating the crude product 
from the catalyst by a preliminary distillation. 
This procedure as a method for preparing 
CHBrCl, and CHBr.Cl appears to be quite satis- 
factory and the yields are good. Four fractiona- 
tions using an ordinary Clark flask gave a 15-cc 
sample of CHBrCl: boiling at 89-90° at 742 mm. 
Its Raman spectrum did not show any lines that 
could be attributed to the probable impurities, 
CHCl; and CHBr.Cl. The material discolored 
slightly during exposure to the mercury lamps. 

CHCIF~: used for the present study was fur- 
nished by the E. I. duPont de Nemours Company 
and is the same sample that was used in obtaining 
the results already published by Glockler and 
Bachmann.’ The present run was made in order 


13 Swarts, Bull. Acad. Roy. de Belgique 113-23 (1910). 
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to obtain a more intense spectrum than was 
previously obtained. The repetition of the experi- 
ment permits us to conclude that in the Raman 
spectrum of CHCIF, two of the fundamentals lie 
so close together as to be nearly coincident. The 
further assumption that the sample used is con- 
taminated with about 1 percent CHF; enables 
us to account satisfactorily for all of the Raman 
lines observed in its spectrum. The CHCIF»2 was 
run at an average temperature of — 60° in the low 
temperature apparatus previously described." 


IV. DiscussION OF EXPERIMENTAL DATA 


The Raman lines of CHCl; and CHBr; used in 
the present paper are taken from the compilation 
“Effet Raman” by M. Magat.'® The Raman 
lines of CHBr2Cl have been previously reported 
by us." The lines reported are all fundamentals, 
CHBrCl, has been run by Bonino and Briill and 
by Kohlrausch and Képpl.'* The latter obtained 
only eight lines, whereas nine Raman lines are to 
be expected from a compound of this type. We 
also obtained only eight distinct lines for this 
compound. However, the line at 220 cm™ re- 
ported by Kohlrausch as being of intensity 10 is 
unusually broad. The Stokes and anti-Stokes 
lines of this value from \4358 cannot be made to 
appear as two distinct lines, even on short ex- 
posure. However, the corresponding Stokes line 
from \4046 which falls on a portion of the plate 
where the dispersion is greater does show slight 
resolution of the two components of the line. 
Hence in the present study this broad Raman 
line has been treated as two Raman lines of 
approximately equal intensity lying very close 
together at 215 and 220 cm~. A similar situation 
has been encountered with CHCIF: and has been 
handled in the same way. This procedure of 
treating as two lines certain broad Raman lines 
not clearly resolved into two components seems 
to us justifiable in the present cases, through 
there might be some danger in its general use, 
because the Raman spectra of these two unusual 
compounds are thereby made consistent with the 


4G. Glockler and M. M. Renfrew, Rev. Sci. Inst. 9, 
306 (1938). 

© M. Magat, “Effet Raman,” No. 15 of Tables Annuelles 
de Constantes et Donnees Numeriques (Paris, 1937). 


°K. W. F. Kohlrausch and F. Képpl, Monatshefte 65, 


185 (1935), 
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Fic. 2. The spectral sequence CHCI;— 
(Values for CHF; are predicted.) 


Raman spectra of related compounds whose 
behavior is normal. (See Figs. 1 and 2.) 

The Raman spectrum of CHCI,F has been re- 
ported by Bradley.* He found only eight lines. A 
comparison of the Raman spectrum of this sub- 
stance with the results for a similar molecule 
(CHBrCIF) shows that the missing line should lie 
near the line reported at 1305. All molecules of 
the type CHX2Y where X or Y may be Br, Cl 
or F have been found to show a pair of lines in 
their Raman spectrum in the region 1100-1400 
cm-!. Such molecules also have in common a 
fundamental at 3020 cm~ and the Raman line 
of this value from 44046 would be Ai=1250 if 
considered as a Stokes line from 44358. Hence, 
when mercury radiation is used the 3020 line 
from 4046 falls in the same region on the plate 
as does a pair of lines from 44358. Ordinarily it 
causes no interference. However, in CHBrCIF, 
the lower of the aforementioned group of two 
lines falls at Av=1205. In CHCIF, it falls at 
1310. It is reasonable to suppose that in CHCI.F 
which is a compound of intermediate mass it 
falls at about 1250 in which case it would be 
hidden by the 3020 line from \4046. This assump- 
tion furnishes a satisfactory explanation of why 
the 1250 line was missed by Bradley, despite the 
fact that he detected the 1065 line which is 
usually the weakest line in the Raman spectrum 
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of compounds of this type. Bradley did not ob- 
serve any line which could be interpreted as 
Av=1250 from 4046. However any such line 
would be very faint and might easily have failed 
to appear. On the basis of the above argument, 
it has been assumed in the present study that the 
ninth Raman line of CHCI.F lies at Av = 1250. 
CHCIF, has been run by Glockler and Bach- 
mann.° A new set of data for this compound, de- 
termined on the same sample of CHCIFs, is re- 
ported in the present paper. These new results 
agree quite well with the previous set, so far as 
most of the lines are concerned. However certain 
changes have been made which require explana- 
tion. The line reported by Glockler and Bach- 
mann at 800 cm~ is an unusually broad line. 
Even when only moderately exposed so that there 
can be no broadening of the line due to halation 
it extends from about 788 cm~ to 810 cm™. 
A comparison of the Raman spectrum of this 
compound with the spectra of closely related 
haloforms (see Fig. 2) indicates that two of the 
Raman lines of CHCIF,2 should fall at approxi- 
mately 800 cm~!. Hence we interpret the broad 
line at 800 as due to two neighboring Raman 
lines too close together to be resolved, and in 
making measurements, the line was treated ac- 
cordingly. This procedure leads to values 794 and 
805 for the two components of the line. In place 
of the two lines 1085 and 1128 reported by 
Glockler and Bachmann, we report only the line 
1088 in the present study. The Raman line ap- 
pearing on our plate at this point is again un- 
usually broad, extending from about 1078 cm 
to 1119 cm~. The line expected at this point 
should, by analogy to the corresponding line for 
similar compounds, be broad and diffuse, but its 
unusual width in the present case suggests that 
we are again dealing with two neighboring lines, 
the second line in this case being due to an im- 
purity CHF; whose presence we suspect in the 
sample of CHCIF2 which we used. This second 
line we estimate as being at 1109 cm~. Its in- 
tensity should of course be much less than that 
of the 1088 line of CHCIFs, and actually the in- 
tensity in the broad line which we are discussing 
is appreciably less on the higher wave-length side. 
The very weak line reported by Glockler and 
Bachmann at 436 cm~! was not observed in the 
present study. Three lines were found at 459.5, 
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667.3 and 830.8 cm! (two of these had been 
previously reported by Glockler and Bachmann) 
which are evidently not fundamentals of CHCIF, 
nor (with the exception of 830.8) can they be 
explained as combinations or overtones of the 
fundamentals of the latter compound. It is 
interesting to note that these three lines fall 
almost precisely at the points where by extrapola- 
tion of a diagram such as is shown in Fig. 2, one 
would expect certain Raman lines of CHF; to 
fall. Moreover, CHF; is the impurity most likely 
to be present in CHCIF2, and hence it seems 
reasonable to attribute these extra lines to CHF; 
present in small amount as an impurity in the 
CHCIF>:. As mentioned previously our plate also 
showed some evidence of the presence of a fourth 
CHF; line at 1109 cm~, which is also a position 
at which Fig. 2 would lead one to expect to find 
a line for this compound. It might at first glance 
seem more reasonable to call the line 830.8 an 
overtone of the strong fundamental at 415.4 
since the numerical relationship is so satisfactory. 
However, if one assumes the lines at 459.5 and 
667.3 due to CHFs;, then one must also consider 
the line 830.8 as due to CHF3. The line expected 
for CHF; at this point is »,, the symmetrical 
“‘valence’”’ vibration, and should be the strongest 
line in the CHF; spectrum. Hence if any of the 
other CHF; lines appear, the »; Raman line 
should appear also. Moreover, v; for CHF; must 
almost certainly lie somewhere between 810 and 
900 cm-!. The line at 830 is the only one which 
appears on our plate in this region, and hence if 
the assumption that CHF; is present as an im- 
purity is valid, then this line must be the 7 line 
for CHF;. The possibility that the overtone of 
415.4 of CHCIF: also falls at this point is, of 
course, not excluded. But it seems to us unlikely 
that the line at 830 is only the overtone of 415 
because its intensity relative to the 415 line is 
too great. The two lines reported at 410.5 and 
415.4 appear distinctly on the plate as two lines 
despite their closeness together. Both are sharp 
lines, the 415.4 line being about 4 times as intense 
as the 410.5 line. It seems probable that the 415.4 
line corresponds to the vibration of CHCI**F», 
and that the weaker companion is due to the 
corresponding vibration of CHCI*’F, molecules. 

The Raman spectrum of CHBr2F has been 
previously reported by Glockler and Bachmann.”® 
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The results there given are incomplete, and con- 
tain several superfluous lines. No evidence was 
found in the present study for the lines previously 
reported by Glockler and Bachmann at 93.2, 
559.7, and 3059 cm~. A line actually appears on 
the plate which would be 559.7 cm“ if excited by 
4358, but it is more probable that this is the 
strong line 620 excited by 4347. The longer 
exposures used for this study, brought out five 
lines not previously reported which lie at 340, 
657, 1064, 1169 and 1293 cm~. The first of these 
is probably the overtone of 171, the second is a 
combination frequency (359+ 297 = 656) and the 
last three correspond to fundamental vibrations. 
The Raman lines of CHBrCIF have already 
been reported by us.'* Of the eleven lines listed, 
all correspond to fundamental vibrations with the 
exception of 649 and 735 which are combination 
frequencies (225+425 =650; 313+425 = 738). 


V. GRAPHIC CORRELATION OF RESULTS 


The data discussed in the present paper are 
graphically presented in Figs. 1-4. As mentioned 
previously, the inner consistency of these graphs 
argues for the correctness of the choice of Raman 
lines that has been made. It is to be noted that 
the change in mass between successive members 
of a given series is constant. Hence if the spacing 
of the horizontal lines on which the successive 
Raman spectra of a given series are drawn is 
uniform, then these charts are essentially graphs 
of the positions of the Raman frequencies versus 
the mass of the molecule. By making such a graph 
on an enlarged scale for the series in Fig. 1., it was 
found that the dotted line connecting the posi- 
tions of corresponding Raman shifts in the four 
compounds was nearly a straight line. In the 
intermediate two compounds there are two 
Raman lines corresponding to each of the de- 
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Fic. 3. The at sequence CHBr;— CHF;. (Values for 
HBrF, and CHF; are predicted.) 
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Fic. 4. The spectral sequence CHBr.F —CHCL.F. 


generate vibrations of the symmetrical halo- 
forms. The mean of these two lines was used on 
the graph. A similar enlargement of Fig. 2 was 
used in predicting the Raman lines of CHF;. The 
large shift in the vibration v3 caused by the intro- 
duction of a fluorine atom causes difficulty in this 
case. However, it was found that the vz frequen- 
cies of CHCI.F and CHCIF; lie on a straight line 
with v3 of CHCl. The extrapolation to find v23 
of CHF; was made on the assumption that it 
would lie on a straight line with the v3; Raman 
frequencies of CHCI.F and CHCIF». It is evident 
from Fig. 2 that the extrapolation to find vs» of 
CHF; can be made quite accurately since the 
trend of this vibration is so regular. We have as- 
sumed that the vibration v; would have the same 
value (3035) for CHF; as it has in CHCIFs, since 
this vibration has the same value (3020) in the 
Raman spectra of both CHCI; and CHCI.F. The 
lower four Raman lines of CHF; given in Fig. 2 
are experimental values for the impurity lines 
observed in the Raman spectrum of CHCIFs. 
Since all four of them fit so well the predictions 
which Fig. 2 makes for the Raman lines of CHF, 
it seems highly probable that these impurity lines 
are actually Raman lines of CHF;. Figures 1, 2 
and 3 illustrate well the usefulness of charts of 
this sort in correlating the Raman spectra of 
closely related molecules and thereby facilitating 
the assignment to them of their fundamental 
vibrations. 


VI. PREDICTION OF RAMAN LINES 


In addition to affording a check on the correct- 
ness of experimentally determined fundamentals, 
the use of Raman data on a series of closely re- 
lated molecules arranged graphically as in Fig. 1 
or Fig. 4 can serve in certain cases to predict the 
location of the Raman lines of compounds on 
which no experimental data are available. Such 
predicted Raman lines, although subject to 
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rather large errors, may have value for certain 
purposes. We have previously mentioned the use 
of this method in predicting the Raman lines of 
CHF;, in which case such predictions check 
satisfactorily with lines of CHF; which were 
possibly observed as impurity lines in the Raman 
spectrum of another compound. By similar use 
of the sequences CHBrCl, — CHBrCIF — CHBrF 
and CHBr;— CHBr2F — CHBrF2— CHF; one can 
predict values for the Raman lines of CHBrFs, 
as yet undetermined experimentally. The Raman 
lines of this compound used in Fig. 3 and in 
Table III were obtained in this way. For predic- 
tion of Raman lines, it appears to be advantage- 
ous to arrange the compounds considered as in 
Fig. 4, where, it will be noted, the change in mass 
from one molecule to the next is constant. Under 
these conditions the dotted vertical lines con- 
necting corresponding Raman lines in successive 
molecules are most regular. 


VII. THE CHARACTERISTIC C-X VIBRATIONS 


In all the trihalomethanes the vibration »; re- 
mains practically constant at about 3020 cm™. 
This vibration corresponds to an oscillation of 
- the lone hydrogen atom with respect to the rest 
of the molecule. It is evident in Fig. 4 that the 
three molecules there considered have in common 
a Raman line at 1065 cm~. They also have in 
common a lone fluorine atom. Hence the line at 


TABLE II. The characteristic C—X vibrations. 
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1065 cm~ is probably characteristic of the C—F 
bond in the same way that the line at 3020 cm~ 
is characteristic of the C—H bond. One might 
expect to find a similar constant line correspond- 
ing to the C—ClI bond in the series CHBr.Cl, 
CHBrCIF and ChCIF¢. But this is far from being 
the case. It should be noted, however, that in this 
series the chlorine atom is no longer always the 
lightest halogen atom as is true of the fluorine 
atom in the series shown in Fig. 4. In order that 
a trihalomethane molecule shall show a valency 
vibration characteristic of a given halogen atom 
which it contains, it appears necessary that the 
halogen in question shall be the only one of that 
kind present in the molecule and shall be also the 
lightest halogen atom in the molecule. When this 
condition is fulfilled, any halomethane containing 
that halogen atom will show its characteristic 
Raman line. This fact is graphically illustrated 
for the C—F bond in Fig. 5. The dotted lines 
which connect corresponding vibrations in the 
different molecules are drawn in accordance with 
the work recently published on the nature of the 


C-F c-cl C-Br C-I 
spectral sequence CXy—CY, by Kohlrausch and 
CH;F /|1048|CH;ClI | 732 | CH;Br | CHI | 532 WwW 7 ‘ 
CH.CIF |1046 | CHCIBr| 726| CH.IBr| 616} — | — agner.” Similar constant vibrations character- 
CHCLF |1065 | CHBr2Cl| 750| CHI.Br} — | — | — 
|CBrsCl 734) — — | — 17K, W. F. Kohlrausch and J. Wagner, Zeits. f. physik. 
Chemie B45, 93 (1939). 
TABLE III. The fundamentals of certain trihalomethanes. 
ComMPpouND vs v6 v2 v3 vs v9 v7 
CHBr:Cl | 168.3(8) | 201.1(7) | 279.4(10) | 568.9(8) | 658.7(5) 749.5(3) | 1145.5(1) | 1193.8(1) | 3022.6(7) 
CHBrCl, | 214.6(9) | 220.4(10) | 329.6(8) | 601.7(9) | 718.8(4) 760 (3) | 1170.8(2) | 1214.3(1) | 3020.5(5) 
CHCI,.F 274 (7) | 366 (4) | 454 (7) | 723 (9) | 786 (4) |1065 (1) | 1250 1307 (3) | 3019 (5) 
CHCIF, 369.1(4) | 415.4(10) | 595.119) | 793.8(7) | 804.7(7) | 1088 (1) | 1310.2(2) | 1350 (2) | 3035 (6) 
CHBr.F 171.4(10) | 296.5(5) | 359.0(9) | 620.4(10) | 704.9(4) | 1064.0(2) | 1169.6(1) | 1293.2(3) | 3017.2(6) 
CHBrF, 300 380 720 790 1090 1240 1340 3030 
CHBrCIF | 225.0(10) | 313.0(9) | 425.0(9) | 658.7(10) | 773.4(5) 1062.6(3) | 1204.6(4) | 1301.7(5) | 3017.8(7) 
CHF;* 459.5 7.3 0.8 1109.0 1380 35 


on a bcs nga in proof.—We have since determined experimentally the following Raman lines of CHF;: 508.1, 669.7, 936.8, 1116.5, 1376.2 and 
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istic of the remaining carbon halogen bonds occur 
in other series analogous to that shown in Fig. 5. 
These constant vibrations for each of the halo- 
gens are shown in Table II. The Raman lines 
listed in a given horizontal row of this table'* are 


8 Values used in this table are from the following sources : 
CH;F, CH;Cl, CHsBr, CH,I—H. Sponer; Molekiilspektren 
I (J. Springer, Berlin, 1935), p. 84; CH»CIF—Glockler 
and Bachmann, Phys. Rev. 55, 1273 (1939); CH.CIBr 
and CH.IBr—J. Wagner, Zeits. f. physik. Chemie B45, 
69 (1939); CHCI.F—C. Bradley, Jr., Phys. Rev. 40, 908 
(1932); CHBr.,Cl—this paper; CFCI;—Glockler and 


in each case corresponding vibrations of their 
respective molecules. 

In Table III are tabulated the fundamental 
vibration frequencies of the molecules which we 
have discussed. The numbers in parentheses 
which follow the experimentally determined 
values denote the relative intensities of the 
corresponding Raman lines. 


Leader, J. Chem. Phys. 7, 278 (1939) ; CBr;Cl—Volkringer, 
Lecompte and Tchakirian, J. de phys. et rad. 9, 105 (1938). 
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The absorption spectrum of heavy benzene at 2700-2300A has been analyzed. As in light 
benzene it represents a forbidden transition ',,—B',, made allowed through the interaction 
of vibrations of type ¢,*. Interpretations have been given for the majority of the bands. The 
measured bands together with the assignments are exhibited in Table I. 


INTRODUCTION 


HE near ultraviolet absorption spectrum of 

heavy benzene extends from 2700 to 2300A. 
Its analysis has been carried out! in connection 
with the analysis of the corresponding system in 
light benzene? and the main results have been 
briefly used in the discussion of the analysis of 
CsH,. Here the experimental data for C¢De¢, 
together with the detailed interpretation, is 
presented. 


EXPERIMENTAL 


The heavy benzene used was a sample pre- 
pared by Dr. C. K. Ingold and collaborators. 
The spectrum showed that it was very pure. 
While the absorption spectrograms were taken 
the heavy benzene was kept in temperature baths 
varying from —50° to +25°C, covering pressures 
from 0.2 to 100 mm. The 75-cm long quartz 
absorption tube was at room temperature. As 
light source a hydrogen discharge lamp of the 


* Preliminary report in Phys. Rev. 55, 683A (1939). 
*H. Sponer, G. Nordheim, A. L. Sklar and E, Teller, 
J. Chem. Phys. 7, 207 (1939). 


ordinary type was employed and as spectrograph 
a 3-m grating instrument (Eagle mounting) was 
used in the first order. With Eastman spectro- 
scopic plates I O, II O and III O exposure times 
varied between 1 and 4 hours. Most spectra were 
taken with II O plates. The iron lines were used 
as comparison spectrum. 


RESULTS 


Figure 1 exhibits part of the absorption 
spectrum of C,sD, taken at —33°C, which 
corresponds to a pressure of about 1.3 mm. 
Above it is the corresponding spectrum of CH, 
taken for comparison at about the same tem- 
perature and with the same spectrograph. Both 
spectra in Fig. 1 have been enlarged equally. 
A relative displacement of the spectra by 180 
cm! has been introduced into the figure in 
order that the strongest bands of the first strong 
groups are exactly above one another. This 
arrangement enables a convenient and instruc- 
tive comparison of both spectra. 

The first weaker group which lies on the red 
side of the intense groups in Fig. 1, the strongest 
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band of which can barely be seen, is reproduced 
separately in Fig. 2. It appears only at higher 
pressures. Figure 2 corresponds to a temperature 
bath of 0°C giving a benzene pressure of about 
25 mm. 

In Table I are collected the frequencies of the 
edges of all measured bands. The intensities were 
obtained visually from the plates and hence 
represent only rough estimates. The last column 
mentions the experimental conditions. Most 
strong bands which are not diffuse are probably 
correct to within 1 or 2 wave numbers, while 
the weaker bands have a larger error, particu- 
larly the diffuse ones which may be off by as 
much as 5-10 wave numbers. The letters in the 
column Intensity mean ew=extremely weak, 
vw=very weak, w=weak, m-w=medium to 
weak, m= medium, st=strong, v st=very strong, 
d=diffuse. For notations the same letters are 
introduced as have been used in the analysis of 
light benzene. The column Assignment should be 
understandable from the text. 


ANALYSIS OF THE SPECTRUM 


As in light benzene the near ultraviolet absorp- 
tion system represents an electronic transition® 


’ Contrary to the custom for diatomic molecules where 
the upper state is always mentioned first in the transition 
the lower (initial) state is put first throughout this paper 
and the arrow indicates the direction of the transition. 
This was done in order to be in agreement with the notation 
used for light benzene.? Since the spectra of most poly- 
atomic molecules are and will be absorption spectra, the 
initial state in the transition will then be the first in the 
symbol. But there is the question whether the assignment 
customary for diatomic molecules would not be more 
appropriate in order to avoid different types of notations. 


14,,—'B,, which is forbidden by symmetry.‘ 
If the sixfold symmetry is destroyed by a 
vibration of type® e,+ the system can appear 
with weak intensity. Since a general theoretical 
discussion has been given for light benzene? we 
need present only a very brief summary here. 
Once the inhibition against transition is lifted by 
an interacting e,+ vibration we expect super- 
imposed on such transitions progressions with 
totally symmetrical vibrations. The length of 
these progressions is governed by the Franck- 
Condon principle. Other superimposed transi- 
tions which involve nontotally symmetrical 
vibrations will correspond to changes Av =0, 2, - - - 
in the respective quantum numbers. There may 
also occur bands whose appearance is not made 
possible through the interaction of a single «,* 
vibration but by simultaneous excitation of 


Fic. 2. First weak group of the absorption 
spectrum of 


4A. L. Sklar, J. Chem. Phys. 5, 669 (1937). 
5Symmetry symbols for vibrations are denoted with 
small Greek letters. 
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several like or different frequencies provided 
their direct product contains e,+. These bands 
would, however, be very much weaker. With 
these few rules in mind we shall proceed now 
with the analysis. 

Two main progressions can be followed 
throughout the spectrum, one beginning with 
the strongest band, denoted by Ao°, in the first 
strong group and the other beginning with the 
corresponding band By,® in the weak group at 
longer wave-lengths. The difference between 
A,® and is 38790.2 —37712.0=1078.2 
Interpreting A o® and B,° as vibrational transi- 
tions 0—1 and 1-0 of the small carbon e,t 
vibration which makes the electronic transition 
allowed, and taking its fundamental value as 
579.5 cm=', this gives for this frequency in the 
excited state the value 498.5 cm. These figures 
are not as accurate as the number of significant 
figures would indicate. They were chosen so as 
to obtain the best possible fit to two other 
progressions C and D whose first members Cy° 
and D,° are distant from Ao® and By® by 80.5 
and 81.5 cm~ and are interpreted as transitions 
1—2 and 2-1 of the same e,* vibration. The 
reported Raman frequencies® for this vibration 
are 577, 582, and 579.3 cm~'. The four men- 
tioned bands represent the first members of 
progressions with distances of 879 cm~! between 
successive bands. This separation represents the 
frequency of the totally symmetrical carbon 
vibration a;, in the excited state. Its value in 
the ground state is 946 cm~'. The spacing of 879 
gives the whole spectrum its characteristic 
division into groups, as does the 923 spacing in 
light benzene. 

In the first weak group has been found a band 
which corresponds to a threefold excitation of 
the e,+ vibration in the lower and twofold excita- 
tion in the upper state. Since, because of its 
weakness, no series in connection with it could 
be discovered, no new notation was introduced, 
but it is simply stated as Do®—81. 

In all four major progressions the spacing of 
879 cm is not quite constant. In the A and C 
progressions it is slightly decreasing, while in the 

°C. K. Ingold and collaborators, J. Chem. Soc. (1936), 
971; K. W. F. Kohlrausch, Der Smekal-Raman Effekt, 
Ergdnzungsband, p. 160; A. Langseth and R. C. Lord, Det 


Kgl. Danske Videnskab. Selsk. Mathem.-fys. Meddelelser 
16, 6 (1938). 


B and D progressions it seems more irregular. 
Hence the distances between successive bands 
and C,°, Ai® and C;° etc., Bo® and Do°, B,° 
and D,° etc. are also not constant, but show a 
slight increase. Of course, the higher groups are 
measured with lessaccuracy. But if these effectsare 
real, they are due to anharmonicity and coupling 
between the vibrations a,, and e,*. They have 
not been considered in Table I where assignments 
1X879, 2879 etc. have been used for simplicity. 
As is obvious from the foregoing, the sub- 
scripts attached to the capital letters of the 
progressions refer to the change in quantum 
numbers of the totally symmetrical carbon 
vibration of 879 cm~ in the upper state. This 
vibration occurs also in the ground state in 
the bands 36,765 = By® —947, 36,686 = —945, 
37,845 = A 0° —946, 37,766 = Cy° — 944 and is then 
(see Table) denoted by a negative subscript. 
The superscripts refer to frequency differences 
of 140 cm~'. The corresponding bands appear on 
the long wave-length side of each member of the 
main progression. This difference, which is 160 
cm for CsH¢ has of course the same explanation 
as in light benzene and has been discussed there? 
at some length: it corresponds to n —n transitions 
of the e,+ carbon vibration. The observed differ- 
ence varies from 136 to 143 cm=, for which 140 
has been taken as an average. In light benzene 
the 160 difference means a drop from 400 in 
the ground state to 240 cm~ in the excited level. 
This seemingly abnormal drop of 40 percent had 
been shown not to be unexpected for this vibra- 
tion. Its restoring force is due to the 7 electrons, 
and in the excited state this restoring force is 
weakened. To find the corresponding frequencies 
in C.D. we remember, from investigations of the 
Raman effect in deuterated benzenes,’ that a 
value of 350 cm~ has been estimated for the 
ground state by extrapolation. This, together 
with our observed 140 decrease, would give 210 
cm~! for the upper state. Now in light benzene 
a weak series, denoted by G, was found in which 
this frequency occurred twice excited in the 
upper level. This suggests looking for a similar 
series in heavy benzene. The bands at 39,199 
and 39,208 are both possible first members of a 
G series. The first band is 409 and the second 


7A. Langseth and R. C. Lord, Det Kgl. Danske 
Videnskab. Selskab. Mathem.-fys. Meddelelser 16, 6 (1938). 
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418 cm apart from A,°. If this distance is 
interpreted as double excitation of the e,+ vibra- 
tion in the upper state it gives for its frequency 
205 or 209 cm~. It is quite possible that both 
bands belong together, the violet one represent- 
ing the weaker branch. In Table I they have 
been bracketed under Gp° and the mean value of 
207 was used. Subtracting 140 from both bands 
leads to the extremely weak bands 39,056 and 
39,067 cm-!. The bands do not, however, start 879 
progressions as was observed in light benzene. This 
weakens somewhat the proposed interpretation. 
In all series discussed so far an interpretation 
was possible without the knowledge of the 0,0 
band. In the H series of light benzene, however, 
the 0,0 position must be known. This weak series 
owes its existence to the excitation of an e,* 
vibration in both the ground and excited states. 
(Direct product €,*Xe.* contains e,+.) The 0,0 
band which does not occur, is readily calculated 
from Ao® and 38,790.2 —498.5 =37,712.0 
+579.5 = 38,291.6 cm. The H series would then 
have the formula 38,292 —n X 140 and the corre- 
sponding bands have indeed been found. 
Particularly interesting is the first group of 
the spectrum. It is of much weaker intensity 
since the bands start from the vibrating ground 
level. It is likely that most of the bands which 
have not already been included in the discussed 
series will contain m—m transitions of non- 
totally symmetrical vibrations superimposed 
upon allowed transitions. One of the prominent 
unexplained bands is denoted by N>° in Fig. 2. 
Its separation from Bo°® is 207 cm which is 
interpreted as drop in a 1—1 transition super- 
imposed on the allowed By°. It has a companion 
displaced by 140 toward the red and a corre- 
sponding band M,° occurs in the first strong 
group shifted from A o® by 209 to long wave- 
lengths. Progressions with 879 are not obvious. 
The band at 39,455 may correspond to A o°— 209 
+879 if some anharmonicity in connection with 
the coupling of the different vibrations is 
assumed. It is interesting to note that light 
benzene has also a band in the region of No° but 
which lies on the red side of Do! instead of the 
violet side. This band which previously has not 
been explained is 263 cm apart from Bo® and a 
corresponding band is 265 cm~ apart from A>’. 
The intensity of the bands both in C.sH, and 
C.D, suggest a Boltzmann factor of a magnitude 
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TABLE I. Bands of CeDs. 


ASSIGNMENT REMARKS 


Bo°—946—2 140 


Intensities refer to plates 
taken at 25°C. Bands lie on 
red side of first (weak) group 


Bands from 37,280 to 37,720 
constitute first (weak) group. 
Intensities refer to plates 
taken at 0°C. 


Bo®—292 
Bo’—2X 140 
Lo°— 140 
Do®—140 


Bo®°—207 


coincides with Boo—2X113. 


3579.52 X498.5 
Bo®—140 

Bo—113 
2X579.5498.5 


579.50 


a 


0,0—4X 140 Bands from 37,730 to 38,242 
Co —946 lie on red side of second 

group which is first strong 
Ao®—946 


‘oup. 
0,0-—3X 140 ntensities refer to plates 
taken at 0°C. 


0,0—206—82 
0,0—2X140 


0,0—206 


0,0—140 


OO 


1 
2 
2 


t 


wo 
oo 


~ 


0,0 not observed. 


Ap®—292 Bands from 38,495 to 38,790 
Ao®’—2X140 belong to first strong group. 
Do®+879 Intensities refer to plates 
Ko°— 140 taken at —37 and —33°C. 

Coe—140 


Ao®—209 
Bo°+879 


uo 
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BRS SSS SS 
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Ao®— 140 
Ao®—114 
579.52 X498.5 
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38 


coincides with Ao® of 


Sa leassse: 
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0498.5 


eo 
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Bands from 39,056 to 39,706 

Ge—140 belong to second strong 
‘oup. 

ntensities refer to plates 


Ao®+2X207 taken at —37 and —33°C. 


about that to be expected for Dy'. Moreover, 
N,° and Dy! appear both displaced to the red by 
946 at high pressures, but were too weak for 
measurement. All this points to a vibration with 
a frequency of about 600-700 cm—. The only 
carbon vibration available for such a transition 
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is the B2,, all others giving too small Boltzmann 
factors. Unfortunately the vibration is not known 
in the ground state but can only be estimated to 
be somewhere around’ 700 for CsH¢« and 600 for 
CsD¢. The large drop in frequency could be 
explained in a manner similar to that? for e,,+. 

It is not impossible, however, that the 207 
difference involves an /H] vibration. However, 


TABLE I.—Continued. 


WavE 
NUMBER ASSIGNMENT 


39,334 Bo°+2X879—140 
00° +879 
Ao®+879—2X 140 


Mv°+879 ? 
Bo°+2X879 


REMARKS 


Ao®+879— 140 


coincides with 


Co°+879 


Bands from 39,953 to 40,663 
belong to third strong group. 
Intensities refer to plates 
taken at —37 and —33°C. 


Co°+2X879—2X 140 
Bo°+3 X879—140 
Ao°+2X879—2X 140 


Eo°+875—2X 140 
Co°+2X879—140 
Bo+3X879 


Ao®+2X879—140 


Eo°+875—140 coincides with K»°. 


Co°+2X879 
Eo°—82—140 
Ao®+2X879 
E+875 

)One of these may be A’o® 


}=Ao°+totally symmet. H 
vibration. 


Bands from 40,853 to 41,555 
belong to fourth strong 
group. 


Intensities refer to plates 
Cu°+3 X879—140 taken at —37 and —33°C. 


X879 
Eo°+2X875—140 


Co+3X879 
Fo°+2X875 
Ao’+3X879 


Eo°+2X875 


One of these may be A’,® 
= A'o9+870. 


Bands from 41,728 to 42,390 
belong to fifth strong group. 
Intensities as before. 


Eo°+3X875 


One of these may be A’” 
= A’+2X870. 


E Eo-+4X875 
43,220 A'®+3X870 


Sixth strong group. 
Intensities as before. 


this interpretation is less satisfactory because of 
the large drop in frequency which seems unlikely 
for an H frequency. The possibility becomes less 
remote if one considers a band shifted from the 
0,0 band by 206 cm in CsD¢ and by 263 cm™ in 
C.He toward longer waves. The bands may, of 
course, not be related to the aforementioned 
bands, but if they are, it would mean that the 
207 (263) cm difference represents a square 
combination of symmetry e,+ as does the 140 
(160 in CsH.) difference (77 series). One can see 
that the ¢«,~ 664 and e,*+ 700 remain as only 
possibilities. In light benzene both vibrations 
have a frequency of about 850 cm~". If we take 
for a decrease 850-587 and for a 
decrease 664-457, this is much the same per- 
centual drop, but the 700 would also be possible. 
The large drop seems astonishing for both vibra- 
tions. It isfelt that at present no definite preference 
can be given to one of these possible explanations. 

In connection with this, attention may be 
called to another fairly prominent band of the 
discussed first group at 37,599 cm~ and denoted 
by Lo® in Fig. 2. Its separation from Bo°® is 113 
cm~'. A similar band occurs in the first strong 
group called there Ko°. The Z and K series in- 
clude bands shifted by 879 and 140 cm to the 
violet and red, respectively, but some of these 
bands cannot be verified because of overlapping. 
There are no analogous bands to Lo® and Ko in 
light benzene, at least none of comparable in- 
tensity. A faint band appears there 117 cm™ 
apart from A, toward the red, but if these 
bands in heavy and light benzene should corre- 
spond to each other they must have quite 
different Boltzmann factors. This would point 
to a 1—1 transition of a hydrogen vibration. 
On account of the many possibilities in this case 
no definite suggestion is made.*® 

The band at 37,420 represents probably a 1—1 


8It should also be mentioned that Kistiakowsky and 
Solomon (J. Chem. Phys. 5, 609 (1937)), - eo their 
results with unpublished measurements of Bowman, 
Benedict, Kirkpatrick and Taylor, give the value 38,679 
cm™ as origin of a band progression of CsD,H». The 
figure of the latter authors is 38,676 and agrees exactly 
with the band K,® of this paper. But it does not seem 
very probable that this would be the explanation of our 
K,° because of the occurrence of the band L,° displaced by 
1078 towards the red, furthermore the occurrence of bands 
shifted by 140 to the red. The 879 progression cannot be 
taken as proof because some members coincide with other 
bands. The wave number 38,746 given by Kistiakowsky 
and Solomon as another band progression origin (probably 
for CsD;H) does not coincide with any value in this paper. 
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transition of a hydrogen vibration. It has no 
analog in light benzene in the corresponding 
spectroscopic region. According to its intensity 
it may contain a vibration that would give a 
Boltzmann factor of the magnitude of that 
for B,?. There are indeed enough possibilities for 
such a vibration. Also here the drop in the 
frequency would be rather large. 

The totally symmetrical hydrogen vibration 
which was believed? to be 2565 cm in the upper 
state of CsH¢ seems also to occur in CsD¢. If a 
similar drop as in light benzene (3062—>2565) is 
assumed for heavy benzene we would expect a 
frequency of 1920 cm~'. There are three bands in 
heavy benzene each of which could be correlated 
with this hydrogen frequency. They lie at 40,611, 
40,631 and 40,663 cm~ and could be interpreted 
as due to the totally symmetrical H vibration 
superimposed on A,. All three start a progression 
with 870 cm. All three, when subtracting 1078, 
lead to already explained bands of comparable 
or even larger intensity instead of smaller in- 
tensity so that the corresponding bands super- 
imposed on the B progression must be masked 
in all three cases. The frequency of the possible 
hydrogen vibration in the upper state would be 
1821, 1841 or 1873 cm“, respectively. The band 
40,611 is the strongest of the three and therefore 
seems the best choice when comparing intensities 
in the two benzenes; the band 40,663 is the 
weakest but gives the largest frequency and in 
this respect seems preferable, but the intensity 
argument is perhaps somewhat stronger. 

There are a number of other weak and very 
weak bands for which unambiguous interpreta- 
tions cannot be given. It is for example not 
_ impossible that the band 39,118 corresponds to 
the excitation of the lower e,+ H vibration. Its 
value is 869 in the ground state and from the 
just mentioned band 826 cm- would follow for 
the upper state. The series denoted by Uo, U;, U2 
is interesting. The distance of U,° from the 0,0 
band is 1661/1681 cm while the corresponding 
bands in CgHe¢, 39,777/39,795, are 1688/1706 
apart from the 0,0 band. No satisfactory explana- 
tion could be found for these bands. 

The E series in light benzene was attributed 
to the excitation of the other carbon e,+ vibration 
of 1596 cm~ in the ground state. Two bands at 
39,561 and 39,569 were taken as the first member 
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of this series. Now in heavy benzene there appear 
two corresponding bands at 39,693 and 39,706. 
As in C.H, the one at longer wave-lengths is the 
stronger of the two, but the distance between 
them is here larger. Assuming the same explana- 
tion would mean that in CgD¢ the e,+ 1553 drops 
to 1401/1414 cm~ in the upper state while in 
CsH¢ the 1596 decreased to 1472/1480. The drop 
is larger for heavy than light benzene contrary 
to the behavior of the other discussed carbon 
vibrations. But the differences between the two 
benzenes are not large enough to make the 
interpretation seem very unlikely. For further 
support one may look for a band displaced by 
1553 toward the red from the 0,0 band but none 
was detected. This is, however, no disproof of 
the discussed interpretation because the band 
may be too weak for detection. Its appearance 
in CsHe was due to an intensification by the 
interaction with the combination vibration 992 
+606=1598 cm~!. However, there is the possi- 
bility that both or one of the bands at 39,693 
and 39,706 in CsD. have another explanation. 
If this should be true it seems more satisfactory 
to make the same assumption for the correspond- 
ing bands in light benzene. Several interpreta- 
tions were tried but none of them is very satis- 
factory. Therefore, in Table I the bands are 
simply bracketed under E and the same explana- 
tion as in light benzene is added. As can be seen 
the E bands start 140 and 875 progressions. An 
82 progression, which would mean a transition 
580=498 superimposed on E, issomewhat doubtful. 

Since a comparison of the absorption with the 
fluorescence spectrum of CsD¢5 was already in- 
cluded in the paper on light benzene? no such 
discussion will be given here. We refrain also 
from a closer consideration of the structure of 
the bands. Most bands look as if they were 
double-headed which perhaps is due to R and Q 
branches as was concluded for light benzene. 
But much higher dispersion spectrograms are 
needed before more definite conclusions about the 
rotational structure can be drawn. 

In conclusion, I want to thank Professor C. 
K. Ingold. very sincerely for the loan of the 
heavy benzene made available to me through 
the courtesy of Professor D. H. Andrews. I also 
want to acknowledge the assistance of Mr. S. H. 
Wollman in taking some of the spectrograms. 
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ppear The Vibration Frequencies and Thermodynamic Functions 
9,706. of Long Chain Hydrocarbons 
is the KENNETH S. PITZER 
tween Department of Chemistry, University of California, Berkeley, California 
lana- (Received February 28, 1940) 
drops 
vile in A method is developed for calculating thermodynamic functions for long chain molecules 
> drop with particular attention to normal paraffins. In this connection the infinite chain approxima- 
itrary tion method for calculating vibration frequencies is considered. Starting with the results of 
arbon Kirkwood, a modification is made which improves the agreement with the exact values for the 
} simpler cases. In addition this method of attack is extended to out of plane motions. 
le two This vibrational analysis shows that all skeletal frequencies for molecules of the normal 
e the paraffin type can be put into two groups, one fairly narrow band near 1000 cm, and a broader 
urther band extending from 0 to 460 cm~. The partition function is then set up on the assumption 
ed by that motions in the low frequency group can be treated classically, and that the high frequency 
: none band can be replaced by a suitable number of 1000 cm~! frequencies. Contributions from 
f of hydrogen atom vibrations are added on later. A formula is finally obtained which is quite 
oor O simple, considering the complexity of the molecules. The calculated entropies can be brought 
band into agreement with experimental values on the basis of very reasonable internal rotation 
arance restricting barriers. 
yy the 
m 992 
possi- HE writer has recently measured with Let us consider the vibration frequency prob- 
39,693 considerable accuracy the entropies of lem first. With Kirkwood we shall separate the 
jation. n-heptane and of 2,2,4 trimethyl pentane.' In motions of the hydrogen atoms from those of the 
actory calculating statistical entropies for comparison, carbon skeleton, and shall consider the latter to 
spond- it became apparent that the existing methods are _ lie at equilibrium in a planar, zigzag chain. The 
preta- not very satisfactory for such molecules.2 By interesting step is treatment of the problem as 
satis- making extensive use of the integral form of the — one of an infinitely long chain after which those 
Is are partition function, a somewhat different method modes of vibration which are approximately — 
plana- is presented below which has certain advantages. correct for the molecule in question are selected. 
e seen Considerable use also is made of the interesting We shall consider first the motions within the 
ns. An scheme for calculating vibration frequencies plane, i.e., bond stretching and bending but not 
isition recently described by Kirkwood’ and in some-_ internal rotation, and shall take Kirkwood’s 
ubtful. what different form by Thomas and Whitcomb‘ nomenclature. He finds in his Eq. (7): 
ith the and by Barriol. Kirkwood s formulation will be = 
dy in- used with, however, one important modification 
9 such and with an extension to include out of plane wy? = a(1 +cos ¥ cos }) (1) 
n vibrations. +28(1+cos A)(1—cos cos d), 
‘ure 
‘ Pitzer, J. Am. Chem. Soc. 62, 1224 (1940). w;!=8a8(1-+cos dA) sin? X, 

y were * Most recently Huggins (J. Chem. Phys. 8, 181 (1940)) 

and Q has published calculations of the entropies of the normal where a and 8 are the ratios k, /m and k2/m, of 

paraffins using a method quite different from that given . , ’ 
nzene. below. The molecular picture assumed by Huggins is, in the bond stretching and bending force constants 
ns are the writer’s opinion, not as detailed and specific as that to the effective mass m of a CH» group, y is the 
h assumed below. Consequently the latter method is likely . ° 

put the to give more molecular structure information. From an ©—C—C bond angle, and w is 27 times the 


sor C. 
of the 
hrough 
also 


ms. 


empirical point of view the formula given below is linear 
in the number of carbons while Huggins’ contains also a 
logarithm term. While the available experimental values 
are probably not accurate enough to decide this point, 
they seem to be better fitted by the simpler linear formula 
which was also extensively used by Parks and Huffman 
(reference 13). 

* Kirkwood, J. Chem. Phys. 7, 506 (1939). 

* Thomas and Whitcomb, Phys. Rev. 56, 383 (1939). 

* Barriol, J. de phys. et rad. 10, 215 (1939). 


frequency. The motion of the mth particle is 
given in terms of w and } as follows: 


£, = Aeilettnd) | m=(- 1)"Betlottnr (2) 


where é is the displacement from equilibrium 
along the length of the chain and 7 is the dis- 
placement perpendicular to the chain. The wave- 
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Stretching 


HALF=WAVE 


IN MOLECULE 


] Bending 


Stretching 


Sf FULL WAVE 


IN MOLECULE 


Fic. 1. Illustration of the longitudinal and transverse 
(stretching and bending) modes of motion for a linear 
pentatomic molecule with half-wave and full wave in the 
molecule length. 


length of the longitudinal motion is thus 27/) in 
terms of a chain link as a unit. The transverse 
motion has the wave-length 27/(m—\A). 

The next step is to select values of \ so as to 
approximate the motion of a finite chain of N 
elements. Kirkwood followed Born and Karman 
in using the condition: 


A=2nl/N, (3) 


which the writer does not believe to be quite 
correct.* In Eq. (3) ] is to have integral values 
from 0 or 1 to N—1. In this form the maximum 
wave-length is N or the length of the molecule for 
the fundamental longitudinal mode. However, in 
the true fundamental stretching mode of vibra- 
tion, the half-wave-length corresponds to the 
chain length. The better requirement is that an 
integral number of half-wave-lengths must be 
completed within the molecule, or: 


(4) 


On this basis the bending modes also fit more 
satisfactorily. The mode of longest wave-length 
closely approximates a rotation of the molecule 
in the plane and is to be discarded on that basis, 
as was stated by Kirkwood. The next mode 
closely approximates the actual fundamental 
bending mode of vibration of the molecule. Some 
of the higher bending modes include slight rota- 
tions of the molecule. However, the error from 
this source is very small and seems to be inherent 


* This error is entirely trivial for the applications to 
crystals which interested Born and Karman. 
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in this approximation method. Certainly this 
error is less serious than taking modes of vibration 
that fail to qualitatively correspond to the true 
ones. Figure 1 illustrates for a straight chain the 
motions just discussed. 

It is interesting to note that this correction 
removes the peculiar degeneracy found by 
Kirkwood. The correspondence with the true 
frequencies is greatly improved, especially for the 
smaller molecules. This is shown in Table I. Here 
we have compared for ethane, propane, butane, 
and pentane, the frequencies calculated by 
Kirkwood’s method, those calculated by the 
modification of it just discussed, those calculated 
with the accurate equations of Kassel,® and the 
experimental values. Kassel’s equations approxi- 
mate the CHe group as a unit and assume the 
same forces and equilibrium configuration, but 
are exact solutions for the molecules in question. 
Thus a comparison of the columns headed 
“Kirkwood” and ‘‘This Research” with that 
headed ‘‘Kassel’”’ offers a good test of the ap- 
proximations of the two infinite chain methods. 
Comparison of the latter with the “observed” 
tests the remaining approximations. The force 
constants are the same for each method of 


TABLE I. The skeletal vibration frequencies of some simple 
hydrocarbons (cm). 


CALCULATED BY METHOD OF: 


Tuis 


KiIRKWOOD RESEARCH KASSEL OBSERVED 


1120 
1034(?) 


1057 


Ethane 


Propane 


n-butane 


n-pentane 


5 Kassel, J..Chem. Phys. 3, 326 (1935). 
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calculation but differ slightly from those used by 
Kirkwood and Kassel.* 

The higher or stretching frequencies are sur- 
prisingly well approximated by the infinite chain 
method. The more serious approximations appear 
to be rather in the separation of the hydrogen 
vibrations and possibly in an oversimplified 
expression of forces. 

The infinite chain method is less satisfactory 
for the lower or bending modes. However, the 
results are always of the correct general magni- 
tude. It is pleasing that the spurious frequency 
which is a rotation of the individual molecule, 
takes a value much smaller than the other bend- 
ing frequencies. 

The assignment of observed frequencies’ for 
butane and pentane is quite an arbitrary pro- 
cedure at present, since the planar configuration 
here assumed is only one of many possible ones. 

We may give as equations for calculation the 
following: ° 


1=1,2,---,N-1 
n=1+cos y cos 
+2¢[1+cos (a//N) ] 
X[1—cos y cos (xl/N)], 
9?—8e[1+cos (//N) ] sin? 


For the values in Table I, y was given the 
tetrahedral angle, 7 was given the value 970 cm—! 
and ¢, the bending to stretching force constant 
ratio, was given the value 0.088. These seemed to 
give the best all-around agreement. 


(5) 


*The writer wishes to express his appreciation to 
Professor Kirkwood for his comments after reading this 
section. There is no absolutely correct criterion for selecting 
those modes most closely approximating the true ones in 
a finite molecule. Kirkwood suggests the requirement of 
zero acceleration for the center of mass, and states that 
either the Born-Karman condition or the one suggested 
above is sufficient. Thus further considerations are neces- 
sary. Besides the wave-length criterion for qualitative 
similarity to the true modes suggested in the text, one 
may also mention that a requirement of the proper 
number of different modes of vibration would lead defi- 
nitely to the new condition, for molecules with N odd. 

or N even the latter argument does not lead to a definite 
result, however, the same condition might be selected by 
analogy. In any event the results in Table I justify a 
claim of superiority for the new condition; and fodener 


Kirkwood states definitely his agreement with this 
conclusion. 


209 (1988 sch and Képpl, Zeits. f. physik. Chemie B26, 
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TABLE II. Out of plane vibration frequencies (cm). 


Exact* INFINITE CHAIN 
n-butane 140 198 
n-pentane 156 214 
121 157 
n-hexane 172 210 
148 198 
86 121 


* The equations for these frequencies are as follows: 
n-butane w? =4k3/m 
n-pentane w? =3k3/m, Sk3/m 
n-hexane w? =3k3/2m, 9k3/2m, 6k3/m. 
Kirkwood considered only motions of the 
atoms within the plane of the molecule. We shall 
find some interest in the modes of motion where 
the atoms move perpendicular to this plane and 
will treat this problem in an analagous manner. 
These motions are the beginnings of internal 
rotations, but if of small enough amplitude they 
may be treated as harmonic oscillations. If the 
potential energy is connected with rotation about 
bonds, we may take an increase of energy of 
3k3(4Z)? when of four successive atoms one is a 
distance AZ from the plane of the other three. In 
these terms the equation of motion of the mth 
atom is: 


mZn+ks(4Zp —Zn-1 2Zn-2 
=0 (6) 


where the Z’s are perpendicular distances from 
the plane of the infinite chain at equilibrium. 
Then making the usual substitution : 


Zn = | (7) 
we find: 


= (k3/m)(4—2 cos \—4 cos 2A+2 cos 
A=al/N, 1=1,2, +--+, N—-1, v=w/2z. 


Of these solutions the ones with /=1 and/=N—1 
should be discarded as corresponding to rotations. 
The latter approximates rotation about an axis 
along the chain, the former about an axis 
perpendicular to the chain. 

In Table II the frequencies calculated by this 
method are compared with exact values calcu- 
lated for each of the molecules using the same 
forces. For the simpler molecules the exact 
equations are easily obtained by the usual 
methods. 


1053 
375 
835 
326 
? 
1073 
1033 
900 
837 
334 
? 
? 
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It is seen in Table II that the infinite chain 
method is even less satisfactory for the out of 
plane vibrations. However, it may still be of 
value in a statistical sense for very long molecules. 

It is interesting to note that the success of the 
infinite chain method is closely connected with 
the range of the principal forces involved. Thus 
the bond stretching depends on two atoms, the 
bond bending on three, and the out of plane bond 
rotations on four. 


Propane 


n-Butane (planar) 
| 
T 


n-Butane (bent) 


n-Pentane (planar ) 


Density for infinite chain (planar) 


500 1000 
We 


Fic. 2. Skeletal vibration frequencies for simple hydro- 
carbons and the infinite chain. The lowest (torsional) 
frequency for ‘‘bent” n-butane was estimated and is 
shown dotted. The lowest band for the infinite chain is 
for the torsional motions; the broader band extending to 
460 cm” is for bending motion in the plane. 


METHODS OF CALCULATING PARTITION 
FUNCTIONS 


Before actually setting up the partition func- 
tion for the chain molecules, it seems desirable to 
discuss general methods briefly. It would be very 
desirable, if possible, to obtain a general formula 
for the m atom chain. The usual methods do not 
permit this generalization, except possibly on an 
empirical basis after calculating a number of 
specific examples. Approximations which would 
be undesirable in simple cases are worth while 


KENNETH S. PITZER 


here if they simplify the complex problem; 
particularly since only relatively rough molecular 
data are available for these molecules. This work 
aimsat an accuracy of a few tenths cal. per degree. 

If we consider the distribution of skeletal 
vibration frequencies in these molecules, as 
summarized in Fig. 2, the possibility immedi- 
ately suggests itself of replacing the high fre- 
quency band by a suitable number of 1000 cm=! 
frequencies. This approximation will be reason- 
ably satisfactory for all lengths of chain from 
propane up. Also if we may generalize from 
n-butane, it will be satisfactory for various bent 
configurations in addition to the planar one. On 
the other hand similar approximations for the low 
frequency group would not be satisfactory, par- 
ticularly when one considers that these bands 
extend to zero frequency. 

Another possibility which arises is that the low 
frequency group may be treated by the classical 
or integral partition function. Although results 
obtained thereby will necessarily fail at low 
enough temperatures, this is not necessarily a 
serious limitation for practical purposes. It will 
be shown below that the classical formula allows 
the separation of a factor for each additional 
atom in the chain. This, combined with the 
approximation of a number of 1000 cm~ fre- 
quencies permits the desired type of formula. 

Our fundamental equation can then be taken 
as: 


classical n—1 
Q rot, tors, bend) Q 1000 em ~! vib)» (9) 


where the first term is a classical partition func- 
tion for translation, rotation, torsion, and bending 
and the second term accounts for (n—1) vibra- 
tions of frequency 1000 cm-. For convenience in 
calculation we make the transformation : 


classical classical n—1 
Q { Qctrans, rot, tors, bend) [Qa0,000 vib) ] } 
classical 


X[0(1000 cm- vin]. (10) 


Now the factors in the braces comprise a com- 
plete classical partition function which can be set 
up more easily than one wherein only the low 
frequency skeletal motions are considered. This 
interpretation depends upon the fact established 
above, that the molecules will have (n—1) 
motions of approximately 1000 cm~ frequency. 

The form of Eq. (10) suggests the possi- 
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bility of including similar factors for the low 
frequency bands to correct for small deviations 
from the classical formula in these cases. In 
order to investigate this possibility, we make the 
following expansions which are valid when 
(hv/kT) is less than about 1.7. This includes 
the low frequency bands at or above room 
temperature. 


= kT /hy, 


+>, 


((F/T) —(F/T)***] 
= —R[3(hv/kT) 
[(H/T) 
= —R[}(hv/kT) —1/12(hv/kT)?+- ++], 
Se] = ++], 
[C— Coles] = — R[1/12(hv/kT)?+- ++]. 


Under these conditions, the equations show that 
the use of the arithmetic mean for even a broad 
band of frequencies would give the correct 
leading terms in (F/T) and (H/T). These leading 
terms may be regarded as corrections for zero 
point energy in (Ho°) and therefore of little 
practical value, as is indicated by their disap- 
pearance in S and C. For the square terms which 
lead in S and C, a root mean square frequency 
should be used in approximating a band. This 
will not differ grossly. from the ordinary mean if 
the band has a definite upper limit even though 
it continues to zero. On the other hand the 
computation of the partition function itself re- 
quires, in the classical case, the geometric mean 
frequency which would be grossly affected by the 
continuance of a band to zero. Thus other 
methods must and will be used to calculate the 
classical function itself. If (hv/kT) is about one, 
the second-order corrections are about 0.1 cal. 
per degree or less and are consequently almost 
negligible. 

We may summarize this section as follows. A 
partition function may be calculated as a product 
of the complete classical function and correcting 
factors for the higher frequencies provided one of 
the following conditions is fulfilled: (1) the exact 
frequencies are used in the corrections: (2) mean 
frequencies are used for narrow bands: (3) mean 


frequencies are used when (hv/kT) is less than 
about 1.7. In any case force constants must be 
used in the classical function which are consistent 
with the vibration frequencies. 


THE PARTITION FUNCTION FOR THE GENERAL 
NORMAL PARAFFIN 


Following the method outlined above we 
first calculate the complete classical partition 
function.® 


—(P.E.+K.E.)/kT 


xe dpx:- dx: dZn. 1) 


Here P. E. and K. E. are the potential and kinetic 
energies, respectively, pz, etc., are momenta and 
x1, etc., the corresponding coordinates. This form 
of the partition function means a great simplifi- 
cation because it does away with all consideration 
of how a single system would move under a given 
set of conditions. Moments of inertia do not need 
to be calculated, nor is a normal coordinate 
treatment necessary, but only an expression of 
the potential and kinetic energies in terms of 
coordinates and momenta. As before we approxi- 
mate CH» (or CH; or CH) groups as single units 
in this treatment and discuss the hydrogen 
motions separately. Considering the momenta 
first we write for the kinetic energy: 


K.E.=¥ p's + Psd), 


i=1 


where the mass m is the same for all ” particles. 
The partition function now takes the form: 


(12) 

For the potential energy the expression will be 
the same as in the preceding section for bond 
stretching and bending motions. For internal 
rotations, however, a three-peaked sinusoidal 
barrier will be used: }Vo(1—cos 3¢). It is also 
necessary to assign a high energy to those con- 


figurations which involve serious steric repulsions. 


8 Fowler, Statistical University 
Press, second edition, 1936), p 
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Since we assume a perfect gas state, the first 
atom of a molecule may be placed anywhere in 
the container, and the second may be oriented in 
any direction with respect to the first. A po- 
tential energy term [3$k:(r—70)?] must be in- 
cluded for the distance between these atoms. 
Integrating for these atoms we have: 


—(P.E.)/kT 
é 


dx3*++dZ,, (13) 


where 7 is the C—C distance, V the volume, and 
k, the stretching force constant. 

The motion of the next atom involves another 
bond stretching term, a bond bending term 
[3k26?], where 6 is the distance from equilib- 
rium position, and a third rotation. The circum- 
ference of the allowed circle is 2779 sin y where 7 
is the C—C—C angle. We then have: 


(2xkT)3 


2amkT \ 3/2 
( ) V (82°70 sin 7) 


(14) 


Xo Zo —(P.E.)/kT 
é + +dZn. 
0 0 


All atoms along a normal chain after the third 
have bond stretching and bending motions and a 
restricted internal rotation. If one assumes three 
equal maxima and minima and the _ usual 
sinusoidal shape, the factor in the partition 
function is: 


Qn 
To sin vf e—(V /2k T) (1—cos 
0 


With long chain molecules it seems certain that 
some configurations will involve considerable 
steric repulsion and that as a result the as- 
sumption of three equal minima for each rotation 
will not be satisfactory. In order to account for 
these steric effects without too great complexity, 
the following procedure was adopted. By some 
means the energy for each configuration corre- 
sponding to all internal rotations at minimum 
points was decided upon. This special ‘‘steric’’ 
energy was then assumed to remain a constant 
addition to the internal rotation potential energy 
for oscillations about a given position as far as the 
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potential peaks. Thereafter energies appropriate 
to new minimal positions apply. Mathematically 
this procedure involves changing the upper limit 
of integration in each [I. Rot. ] factor from 27 to 
27/3, and the introduction of a factor: 


F steric ce afk 


(15) 


where E; is the energy of the ith configuration. 
The partition function is not sensitive to changes 
in the shape of the potential peaks, where this 
assumption would err most. 

We shall assume that the most stable con- 
figuration is the planar, zig-zag one discussed 
above and observed in solids. Rotation about one 
bond by (27/3) always involves the same inter- 
action which probably increases the energy. Let 
us Call this energy a. By the use of models it was 
found that rotation about several bonds led 
either to that number of these same interactions, 
or else to an impossible configuration from the 
steric point of view. By assigning a numerical 
value to a, and counting the number of each kind 
of position, the sum in Eq. (15) can be calculated 
easily. 

We may now write the complete classical 
partition function as follows: 


X[I. Rot. ]"-*F(steric), 


= (2amkT /h?)? V (827.3 sin y), 
[O— Ctr 
[O—Crena]= (24kT/h)(m/ke)*, 
Rot. ]=(2rmkTr? sin? y/h?)} 


—(Vo/2kT) (1—cos 3¢) 
x d 
0 


F (steric) = > g 


(16) 


The molecule symmetry number 2 (which ap- 
pears as the factor 3 above) has been introduced 
since both ends are the same. For Np identical 
molecules the partition function is raised to that 
power and divided by (No/e)%* which approxi- 
mates (N>!). 

Recalling now the results of the preceding 
section, we wish to add factors: of the type 
] for (1—1) 1000 frequencies 
and similar factors for the low frequency bands. 
For these we take (n—2) 290 cm™ frequencies 
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TABLE III. Hydrogen vibration frequencies (cm~).9 


(NUMBERS IN PARENTHESES ARE DEGENERACIES) 


(1) | (2) | (1) (2) (2) 
2900 | 2990 | 1460 | 1476 | 1200 
2920 | 3050 | 1355 | 1460 | 1020 
2910 | 3060 | 1305 | 1450 | 957 
CHsadopted| 3000 (3), (3), (2) 


CHCl, 2985 | 3045 | 1266 | 1420 | 1060 | 900 
CH:0 2900 | 2800 | 1460; — 1039 | 917 
(CH)) {3088 3069 | 1342}; — 950 | 940 
stp 2988 | 3107 | 1444); — 950 | 1100 
CH: adopted 3000 (2), 1400 (2), 1000 (2) 


3018 1216 (2) 
3021 1144 (2) 


CH adopted 3000 (1) 1200 (2) 


and (n—3) 120 cm~ frequencies. The justifi- 
cation of using mean frequencies for these broad 
bands was explained above. It was also pointed 


out that these latter corrections are very small so 
that they might even be omitted without very 
serious error. 

It is interesting to note that the factor 
[C—C.tr] in Eq. (16) is not just the classical 
factor for a 1000-cm—! vibration but is somewhat 
larger. The difference may be thought of as a 
contribution to mass and moment of inertia 
terms in the usual formulas because of the 
additional atom in the molecule. This effect can 
be easily traced through in the simpler cases by 
comparing with the usual type of calculation. The 
situation is, of course, similar with [C—Cbena ] 
and [I. Rot. ]. 

Finally the contributions of the hydrogen 
vibrations must be considered. This will be done 
by selecting frequencies characteristic of the CH; 
and CH, (and for branch chain compounds CH) 


TABLE IV. Formula for calculating thermodynamic functions of paraffin hydrocarbons. 


Th. F. = [Fo(T)] +m [C —C,¢,] +n2[C —Chenq! +s[I. Rot.] +F (steric) +F (g) +m [CHs] +2s[CH2] +n6[CH] 


— F/T 


H/T 


sin 
Rin ( 


“)+4RIn T-Rin P=4.274 
+4Rin T—RinP 


4R 


R In (hv, /kT) =0.75+ Ein. ( 


hel 


Ein. (hv /kT) 


Ein. (hv, /kT) 
n/c=1 


R In (2rkm4/hk4) +R In T+(R/2)(hv2/kT) 


— (R/24) (hv2/kT)? = —11.275+R In 


R—(R/2)(hv2/kT) 
+(R/12)(hyv2/kT)? 

= R—413/T 
+28400/T? 


R—(R/12)(hv2/kT)? 
= R—28400/T? 

4200/T? 

(T>250) 


_(F-Fy) 
T 


_=}RIn T—0.55+ 


RE—1.267+ 3 In T+ 3 In (mr¢ sin? y X 104°) —In 3] Vo n 


(Vo/RT, 


170_ (F—F,) 
RT 


T\RT' 

hv; _H/(3600\ _ 170 


F 


R(O’ RTO” 2 


F(a) —Rine 


0 0 


[CHs] Ein. (hv/kT)+R(—1.267+ In T+ 4 In Ip X 10*°—In 3) |Z Ein. (hv/kT) 
— (F— F;)/T wer) 
v/c=3000 (3), 1400 (3), 1000 (2) 


> Ein. (hv/kT) 


+H/Tw irr) 


Vo=3600 cal. 


(CH2], [CH] > Ein. (hv/kT) 


CH — v/c = 3000 (1), 1200 (2) 


CH2—v/c=3000 (2), 1400 (2), 1000 (2) 


2 Ein. (hv/kT) 2 Ein. (hv/kT) 


_ Fora normal paraffin of N carbon atoms : m= N—1, n2=N—2, n3=N—3, m=2, ns= N—2, ng =0, =2, summations 


IN Fgteriey) are over terms. 


Ein. refers to an Einstein function for one degree of freedom and of the proper type, i.e., — F/T, H/T, or C. (F—Fy)/T, 
H/T, C in (I. Rot.] and [CHs] are the restricted rotation functions calculated by the writer” in 1937. 


*All data are from Sponer, Molekulspektren (Julius Springer, Berlin, 1935) except for CHCl, from Corin and 
Sutherland, Proc. Roy. Soc. London A165, 43 (1938), and (CH), from Bonner, J. Am. Chem. Soc. 58, 34 (1936). 


” Pitzer, J. Chem. Phys. 5, 469 (1937). 


CHCI, 
CHBr; 
[C—Chena] 
|| 
[1.Rot.] 
cos 3¢) 
dg, 
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TABLE V. Numerical values for some of the terms in Table IV (units: cal. per degree). 


[C—Cstr] | [C—Chend] | [I. Rot.] 


NEo- 
PENTANE* 
CORR. 


ISOBUTANE* 


{CHs] [CH2] CORR. 


Kanon 


1.57 
1.76 
1.85 
1.89 
1.91 
1.86 
1.70 


ns 

Nor 


CONTRIBUTIONS TO (Ho® —F 7°) /T 


CONTRIBUTIONS TO (H 7° —Ho°)/T 


* The empirical corrections for isobutane and neopentane are to be added (algebraically) whenever a carbon atom is bonded to three or four 


other carbons, respectively. See text discussion. 


groups. These are given in Table III, together 
with the data from simple molecules on which 
they are based. 

The contributions from these vibration fre- 
quencies are easily calculated by the usual 
methods. 

Before summarizing these data again a few 
additional numerical values will be adopted. An 
effective mass of a CH2 group was obtained by 
calculating the product [M*JiJ2I;] for propane, 
both neglecting and considering the hydrogens. 
The effective mass of 18.6 which made both 
products equal will be used. This value is as high 
as it is because of the relatively large contribution 
of the hydrogens to the moments of inertia. The 
C—C bond distance will be taken as 1.54A and 
the tetrahedral angles assumed. The force con- 
stants have already been given; the potential 
barrier V» will be given the value 3600 cal. per 
mole. This may be regarded as estimated from 
simple molecules!! or determined from the experi- 
mental data considered later. The steric inter- 
action energy a will be taken as 800 cal. and was 
determined from the data considered below. In 
order to calculate the internal rotation contri- 
bution of a methyl group, the same 3600 cal. 
potential will be used and a reduced moment of 
inertia I, equal to 5X10-” g cm.? 

Table IV gives the final formula. It is expressed 


1 Pitzer, Chem. Rev. 27, August (1940). 


as the sum characteristic of a thermodynamic 
function rather than the partition function 
product. The form of each term is given for the 
functions (— F/T), (H/T), and C. The entropy S 
is the sum of the first two. 

Numerical values for certain of the terms in 
Table IV are listed in Table V for a series of 
temperatures. In addition to their use in calcu- 
lations for hydrocarbons, it seems likely that 
these data may be of value when the method is 
extended to alcohols and other molecules 
derivable from the hydrocarbons. 


COMPARISON WITH OBSERVED NORMAL PARAFFIN 
ENTROPIES 


We are now ready to calculate the entropies of 
the normal paraffins for comparison with experi- 
ment. Of all the constants appearing in Table IV 
only two can be regarded as adjustable to fit the 
data, Vo and a. The former was actually assigned 
the value 3600 cal. per mole from comparison 
with simpler molecules, and then it was found 
that a value of 800 cal. for a gave a good fit with 
the experimental entropies of n-butane’? and 
n-heptane.! The agreement might be slightly 
improved by lowering V» and raising a, however, 
this seems improbable on other grounds and the 
present constants give agreement within the 


2 Aston, private communication, S°272..=72.0 cal. per 
degree for gaseous ”-butane. 


718 
: 298.1 | 49.55 0.76 2.86 0.89 0.04 0.01 0.00 | 1.39 
| 400. 51.89 80 3.35 1.39 14 05 — 19 | —1.80 
500. 53.67 86 3.76 1.91 30 13 — .32 —1.95 
600. 55.11 93 4.10 2.47 52 .23 - 36 | —2.05 
| 800. 57.40 1.11 4.64 3.60 1.08 50 - 45 | —2.20 
1000. 59.17 1.29 5.07 4.79 1.71 81 — 60 | —2.30 
1500. 62.40 1.71 5.81 7.54 3.37 1.63 - 59 | —2.16 : 
298.1 1.38 0.19 0.07 —0.73 1.39 
400. 2.04 54 .23 — .60 1.16 
500. 2.73 99 46 — .50 90 
600. | 3.39 1.47 72 - 37 55 
800. 4.62 2.40 1.18 — 27 Al 
| 1000. 5.73 3.27 1.61 = .22 Al 
1500. 7.82 4.94 2.46 + .07 Al 
| 
} 
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experimental errors. For further comparison we 
have the entropies of the other normal paraffins 
as measured by Parks, Huffman, and co- 
workers,'* which involve extrapolations below 
90°K. The good agreement between Parks’ 
extrapolated entropy at 90°K and the writer’s 
experimental value for n-heptane suggests that 
the extrapolations for the other normal paraffins 
are probably about right.'* For conversion to the 
gas state various data were used. The values of 
Parks, Shomate, Kennedy, and Crawford" were 
used for butane, the heat of vaporization of 
Griffiths and Awberry'® for pentane, and the 
vapor pressure-temperature data" for the others. 

Table VI summarizes these results, and in- 
cludes the data on steric repulsions used in the 
computations. 

The good agreement shown in Table VI 
certainly gives no reason to doubt the picture 
here set up, and suggests that general thermo- 
dynamic functions calculated by this method for 
various temperatures will be of considerable 
value. Such results will be presented elsewhere." 
On the other hand, approximations have been 
made such that the values of the various molecu- 
lar constants which give correct entropies may 
not be exactly the true ones. The treatment is an 
approximate derivation from statistical me- 
chanics based on an admittedly oversimplified 


TABLE VI. Molal entropies of the normal paraffin 
hydrocarbons in the gaseous state. 


NUMBER OF POSITIONS WITH 
E; (STERIc): 
SUBSTANCE 2a 3a 4a 


Butane 74.17 73.7 
Pentane 83.27 82.2 
Hexane 92.41 92.3 
Heptane 101.54 101.3 
Octane 110.67 110.0 
A per 9.13 


S%298.1 (cal./deg.) 
calc. obs.* 


*These observed entropies are probably accurate to within about 
1.0 cal./deg. The more accurate values for butane!? and heptane! at 
their boiling points were used to fix a parameter in the formula for 
calculation. ($%71.5 obs. 111.78 +0.3, calc. 111.6 for heptane; S%72.¢ obs. 
72.0, calc. 72.1 cal. per degree for butane.) 


* Parks and Huffman, Free Energies of Some Organic 
Compounds (The Chemical Catalog Co., New York, 1932). 

“This refers to Parks’ original values, not to possible 
revised ones suggested by Parks, Shomate, Kennedy, and 
Crawford, reference 15. 

** Parks, Shomate, Kennedy and Crawford, J. Chem. 
Phys. 5, 359 (1937). 
i ian and Awberry, Proc. Phys. Soc. London 44, 

“ Egloff, Physical Constants of Hydrocarbons, Vol. 1 
(Reinhold Publishing Company, New York, 1939). 


picture of the molecules. However, the errors will 
not change greatly from one molecule to a 
similar one; consequently these equations can be 
used empirically with expectation of considerable 
accuracy. 


ENTROPIES OF BRANCH CHAIN PARAFFINS 


The present lack of knowledge of force con- 
stants and vibration frequencies for the branch 
chain paraffins prevents calculations of even the 
degree of approximation attained for the normal 
series. Even so, it seems that the formulas 
developed in the preceding section should serve 
to give rough estimates, of value until such time 
as calculations of greater certainty can be made. 
Only one accurate experimental entropy is avail- 
able, that of 2,2,4-trimethylpentane.' The long 
extrapolation from 0 to 90°K needed in all other 
cases appears to be a doubtful procedure, except 
in a series of very similar compounds such as the 
straight chain paraffins. 

In adapting the formulas of Table IV we note 
that a side chain carbon atom attached in the 
middle of a straight chain has the usual bond 
stretching degree of freedom. The other two 
degrees of freedom are of a bond bending nature. 
Thus one [C—Cytr] and two [C—Coena] terms 
should be added. The force constant in the latter 
is not necessarily the same, however. Vibration 
frequencies for the hydrogen of a CH group have 
been given. Steric factors must be considered as 
before, but are not necessarily as simple. The 
possibility of symmetry in the skeletal internal 
rotations, for example of tertiary butyl groups, 
must also be thought about. 

If an entropy is calculated for 2,2,4-trimethyl 
pentane using the same force constants and 
potential barriers as for the normal paraffins, the 
result is somewhat too large. However, a potential 
barrier well over 4000 cal. was found for the 
simple highly branched molecule tetramethyl 
methane" as compared to 3300 for propane and 
less than 3000 for ethane. Also the vibration 
frequencies for isobutane and tetramethyl meth- 
ane suggest higher bending force constants. As a 
simple way of correcting for these factors, the 
thermodynamic functions were calculated for 
isobutane and neopentane (tetramethyl meth- 
ane) by these approximate methods and with the 
more exact method and constants available for 
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TABLE VII. Molal entropies of the branch chain paraffins together with data used in their calculation.t 


SUBSTANCE 


= 
= 
> 
= 
= 
= 


(cal./deg.) 
calc. exp. 
(gas) (liq.) 


8 


a 4a 


2-methyl butane 


82.0 


2,2-dimethyl butane 
2,3-dimethyl butane 
2-methyl pentane 
3-methyl pentane 


NNR 


85.7 


oco- 


2,2,3-trimethyl butane 
2,2-dimethyl pentane 
2,3-dimethyl pentane 
2,4-dimethyl pentane 
3,3-dimethyl pentane 
3-ethyl pentane 
2-methyl hexane 
3-methyl hexane 


ONNOF 
UN 
APANUUNS | CO 


2,2,3,3-tetramethyl butane 


MD | EE EU | | 


9 


_ 


2,2,4-trimethyl pentane 


ooorcoree} 
oc wooo! 


o cooo| o 


o Oo; 


1 


+ The experimental entropies are for the liquid except as noted. All are from Parks and Huffman (reference 13) except 2,2-dimethyl butane and 
2-methyl pentane which are from Stull (J. Am. Chem. Soc. 59, 2726 (1937)). Those values designated by * are especially uncertain; the others are 
probably self-consistent to within one or two cal. per degree and somewhat low. The substances marked by * are, interestingly, also the two 
cases where optical isomers occur. The calculated values include an R In 2 term to account for this fact. 


such simple molecules.'! The differences which 
are given in Table V, can then be applied as 
corrections whenever a carbon atom of a complex 
molecule is bonded to three or four other carbons 
respectively. On this basis the entropy of 2,2,4- 
trimethyl pentane is within about one cal. per 
degree of the observed value. Further refinements 
would not be justified at present. 

The results for all branch chain paraffins 
through the heptanes and for two octanes are 
given in Table VII. Therein the n’s refer to 
Table IV except m7 which is the number of carbon 
atoms bonded to four other carbons, hence the 


“number of ‘‘neopentane corrections.”” The num- 


ber of carbons bonded to three others is ¢, also 
the number of CH groups. 

The energies for the various internal rotation 
minima were assigned values in terms of the 


parameter a of the normal paraffins. This some- 
what arbitrary procedure was carried out with 
the aid of the “‘Fisher-Hirshfelder’’ models which 
approximate proportional atomic sizes. 

For rough comparison the available experi- 
mental entropies are listed, even though they 
involve uncertain extrapolations below 90°K. 
Values are given for the liquids since vaporization 
data are not available in most cases. On the 
whole the calculated and experimental values 
show remarkably similar variations and _ their 
differences are quite reasonable for entropies of 
vaporization. 

Finally it may be mentioned that the heat 
capacities in the gas phase, calculated for n- 
heptane and 2,2,4-trimethylpentane, are in agree- 
ment with preliminary experimental values ob- 
tained recently by the writer.! 
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Theory of Depolymerization of Long Chain Molecules* 


ELLiotT W. MoNTROLL AND ROBERT SIMHA 
Department of Chemistry, Columbia University, New York, New York 


(Received May 22, 1940) 


A theory of depolymerization of long chain molecules is developed on a statistical basis. 
It is assumed that all bonds connecting monomeric elements in the system have the same 
probability of being broken regardless of their position in a given polymer and regardless of 
the size of the polymer in which they are found. Expressions are derived for the distribution of 
molecular sizes in the depolymerized system as a function of the initial chain length and the 
average number of bonds split per molecule. Also, relationships are established between the 
average molecular weight of the degraded product and the average number of bonds split per 
molecule. Experiments on the acetolytic degradation of cellulose acetate are briefly discussed. 


INTRODUCTION 


N recent years several attempts have been 
made to analyze the mechanism of formation 
of high polymers! and that of the reverse process, 
the depolymerization of long chain molecules. H. 
Hopff, H. Mark, and K. H. Meyer? investigated 
the hydrolysis of starch and cellulose and estab- 
lished a first approximation for the mechanism of 
these reactions. K. Freudenberg and W. Kuhn* 
extended these investigations and gave the first 
theoretical treatment; recently P. J. Flory,’ H. 
Mark and R. Simha,® and W. H. Durfee and Z. 
I. Kertesz* developed a series of formulae for long 
chain building and cutting processes, respec- 
tively, from probability considerations. 

While the degradation of simple molecules can 
be treated as a quantum-mechanical problem,’ 
the kinetics of depolymerization of very long 
molecules (100 or more basic units) seems to be 
more suited to a statistical treatment. A complete 


* Publication assisted by the Ernest Kempton Adams 
Fund for Physical Research of Columbia University. 

1R. E. Burk, Polymerization (Reinhold Publishing 
Company, New York, 1937); H. Dostal, H. Mark, and 
R. Raff, Ind. Eng. Chem, 29, 595 (1937). 

?K. H. Meyer, H. Hopff and H. Mark, Ber. 62, 1103 
(1929). See also R. O. Herzog and O. Kratky, Naturwiss. 
18, 735 (1930); M. L. Wolfrom, E. N. Lassettre, D. R. 
Myers and J. C. Sowden, J. Am. Chem. Soc. 61, 1072, 
2172 (1939). 

* K. Freudenberg, F. Bolz, E. Braun, W. Diirr and G. 
Steinbrunn, Ann. 460, 288 (1928); Ber. 63, 1510 (1930); 
W. Kuhn, Ber. 63, 1503 (1930). 

*P. J. Flory, J. Am. Chem. Soc. 58, 1877 (1936). 

a o0; Mark and R. Simha, Trans. Faraday Soc. 36, 611 
°W. H. Durfee and Z. I. Kertesz, J. Am. Chem. Soc. 
62, 1196 (1940). 

"See for example C. N. Hinshelwood, Kinetics of 
Chemical Change (Oxford University Press); R. E. Burk, 
reference 1; C. A. Coulson, Proc. Roy. Soc. A, 164, 383 
(1938); 169, 413 (1939); J. E. Lennard-Jones and C. A. 
Coulson, Trans. Faraday . 35, 811 (1939). 


study of depolymerization has two aspects; the 
time variation of the degree of depolymerization 
and the distribution of various chain lengths at 
a given time for a given degree of depolymeriza- 
tion and a given initial chain length. Here the 
size distribution at a given time will be analyzed 
as a function of the average molecular weight of 
the degradation product under the following 
assumptions: 


1. All initial molecules have the same mo- 
lecular weight. This condition could be dropped 
by introducing a suitable distribution. How- 
ever, it would not change the essential features 
of the following considerations. 

2. The accessibility to reaction of a bond in 
a given chain is independent of its position in 
the chain and independent of the length of its 
parent chain. 

3. All chains in the mixture are equally ac- 
cessible to reaction. 


The first part of assumption (2) is probably not 
correct for end bonds, and in short chains the 
second part of (2) may not be satisfied ; however, 
in long polymers these assumptions seem reason- 
able. With the above restrictions Kuhn has 
studied the distribution problem, but he also 
assumed that the initial chains were infinitely 
long compared with the degradation products. In 
the following a statistical treatment for finite 
chain lengths will be given. 

Fundamental units in a long chain molecule 
(for example, glucose groups in a cellulose mole- 
cule) will be called monomeric elements and f 
monomeric elements connected by t—1 bonds 
will be defined as a ¢-mer. 
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MATHEMATICAL DEVELOPMENT 


In this section formulae will be derived for the 
fraction of monomeric elements involved in f¢- 
mers and the fraction of ¢-mers in a degradation 
product as functions of the total number of bonds 
split and of the initial chain lengths of the de- 
polymerized material. First the theory of the 
breaking of single molecules will be developed. 
Then using this and taking into account the dis- 
tribution of breaks in the various chains, the 
above mentioned formulae will be derived. 

Suppose a system of N long chain molecules, 
each of which is composed of +1 monomeric 
elements, is exposed to a depolymerization proc- 
ess that breaks R bonds of the system in a given 
time. If 7 bonds of one of the molecules are 
broken, the breaks can occur in 


(*)- 
r (p—r)'r! 


different ways. Since r cuts imply the formation 
of r+1 chains and since the number of mono- 
meric elements in a molecule is conserved during 
the reaction, the probability of 2; monomers, m2 
dimers, m, s-mers, being formed is 


where and The ex- 
pected fraction, f;,, of monomeric elements con- 
tained in ¢-mers after 7 cuts have been made is 
tn./p+1 multiplied by the probability given 
above and summed over all possible combinations 
of the ,’s and over all values of m, compatible 
with the original chain length, i.e. 


—(*) (r+1)! 


(1) 


The summation over the set {7,} is subjected to 
the auxiliary conditions 


and the (’) on some of the sums and products 
indicates that n, is not included in the operation. 
Using the expression for the sum derived in the 
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appendix it follows that® 
—t p+1 
® 
—1 r+1 
In the depolymerization process the original 
molecules may be split in any number from zero 


to p places, so we must now consider the distribu- 
tion of splits in the original system. The number 


of ways of making R cuts in N chains is (Z ) 


and the number of ways of cutting one chain of 
b+1 monomeric elements in 7 places and the other 


N-1 chains in R—r places is (*) 


Therefore the probability of any particular chain 


being cut in 7 places (which is also the fraction 
of chains cut in 7 places) is 


If we let ro>=R/N be the average number of cuts 
per molecule and apply Stirling’s theorem for 
large factorials, n!=n"t'e-",/(27), neglecting p 
with respect to Np and r with respect to R, 


Hence the total fraction of monomeric elements 
involved in t-mers when an average of 7» cuts per 
molecule has been made in N molecules of p+1 
monomeric elements is given by 


r=1 

(p—t)! Yo ) 
[p—t—(r—1) !\ p—10 

To t Yo 1 

p p 


] =p. 


8 This formula also follows implicitly from the work of 
Mark and Simha (reference 5), and Durfee and Kertesz 
(reference 6) in their treatment of depolymerization assum- 
ing that all molecules in the system have the same number 
of breaks at any stage of the reaction. 
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The fraction of monomers involved in chains of 
length p+1 is evidently 


To to\” 


Defining the average degree of depolymerization, 
a, as the average fraction of bonds cut in a 
molecule 

a= ro/ Dd; 
t(1—a)*! 


Filp, (6-H =p (6) 


(p+ 
=(1—a)?. 
If pa>>2—ta (i.e., for high degrees of depoly- 
merization) and if it is assumed that is infinite 
(i.e., p/p-+1=1), (6) reduces to Kuhn’s? result ; 
Since 

Fi(p, a) =tNi(p, a)/N(p+1), (7) 
where N,(p, «) is the number of ¢-mers in the 
system when an average of ro cuts per molecule 
have been made in N molecules of (+1) mono- 
meric elements, 


a) t=p 
Ny4ilp, = N(1—a)?. 
Also, the fraction of t-mers, 1;(p, a), is 
Nz 


EN, me 


nip, a) 


t=p 
DETERMINATION OF MOLECULAR SIZE Dis- 
TRIBUTION FROM AVERAGE MOLECULAR 
WEIGHT OF DEGRADED PRODUCTS 


Most experimental methods of determining 
molecular weights of macromolecular materials 


are incapable of detecting heterogeneity and, 
therefore, inevitably give average values. It can 
be shown® that the average molecular weight 
obtained by any procedure which in effect in- 
volves the counting of molecules (such as osmotic 
pressure, vapor pressure, chemical analysis, etc.) 
is given by the expression for the ‘‘number 
average” molecular weight 


(10) 


(M;, is the molecular weight of the ¢th species of 
which there are N,). The average value for any 
experiment depending on the weights of the 
molecules (e.g., Staudinger’s viscosity method) 
is given by the ‘‘weight average’’ molecular 
weight 


(11) 


For a homogeneous material M,=M, and for a 
heterogeneous material M, < M., the magnitude 
of the difference increasing in general with the 
spread of molecular weights in the mixture. If Mo 
is the molecular weight of a monomeric element, 


Mod (12) 


Using the expressions derived in the appendix for 
the various t"F,, 


M,(p, )/Mo=(p+1)/(1tap) 


as expected, for 1+ ap is the number of segments 
cut on the average from a single chain. M, can 
also be expressed as a function of a and p; 


My + = My 14 
(Pp, a) (14) 


and again applying the results of the appendix for 
the appropriate sums 


Mo(p,a) 


Mo 


When ap is small 
a) 
Mo 


a(p—1 
1- 


+0O[(ap)*]}, (15a) 


and when a and ? are so large that (1—«a)?+! 


15 
a?(1+p) 


becomes negligibly small 


My 2(1-—a 
(1—a)[a(1+p) (15b) 
Mo a?(1+)) 


*E. O. Kraemer and W. D. Lansing, J. Phys. Chem. 
39, 153 (1935); Kern, Ber. 68, 1439 (1935). See also 
Kraemer’s article in The Ultracentrifuge (edited by Sved- 
berg and Pedersen, Oxford Press, 1940), p. 343. 


Kertesz 
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DEGREE DEPOLYMER/ZATION 


Fic. 1. Variation of degree of depolymerization with 
“weight average” molecular weight for various initial 
chain lengths, 


If M../M,y or M,/Mocan be determined experi- 
mentally and if the initial chain lengths are 
known, either (15) or (14) can be solved for a. 
Once the average degree of depolymerization, a, 
is known the problem of finding the molecular 
size distribution is completed by substitution of 
a into (6), (8) and (9). 

If, on the other hand the number of bonds 
broken in the depolymerization process can be 
determined (as is often possible by chemical 
means) a is the observable quantity and M,/Mo 
(or M,,/Mo) can be predicted by (13) (or (15)). 


DISCUSSION 


In case M, is a measurable quantity a is easily 
determined as the root of the linear Eq. (13), and 
when one measures M,, at very low or fairly high 
degrees of depolymerization the determination of 
a is simple algebra using (15a) or (15b). For inter- 
mediate stages of degradation an algebraic solu- 


tion of (15) is tedious; however, by plotting ~ 


M.,/Mo as a function of @ as is done in Fig. 1, a 
can be read off the graph for an observed M,,/Mo. 
With a knowledge of a one can follow the progress 
of the reaction by using the distribution curves 
plotted in Fig. 2.1° These curves emphasize the 


10 These curves are derived from experiments on the 
acetolytic degradation of cellulose acetate reported by Mark 
and Simha (reference 5). A highly homogeneous initial ma- 
terial of 350 monomeric elements was depolymerized and at 
several stages of the reaction the mean degree of poly- 
merization was measured by Staudinger’s viscosity method 
to be 158, 100, 54, and 31. As previously discussed these 


fact that the distribution becomes sharper about 
the maximum F, as depolymerization approaches 
completion. 

From an experimental standpoint it is some- 
times more desirable to know the number of 
monomeric elements which exist as components 
of chains with “‘about ¢ links” (i.e., in chains with 
lengths between t—e and t+ e, where « is 5 or 10, 
etc., depending on the experiment) than it is to 
know F;. This function can easily be determined 
by finding the area under the appropriate F, 


curve for ¢ between t—e and t+, or by evaluating 
t+e 
the integral F 
t—e 

The length, tmax, of the chains in which a 
monomeric element is most likely to be found is 
obtained by setting (0/dt) F,(p, a) =0, and solv- 
ing the resulting equation for ¢t. This gives 


tmax = —1/log (1—a) +(1/a+p/2) 
vVi+1/[(1/a+p/2) log (1—a) ]*}. (16) 


Since 0€1/[(1/a+p/2) log (1—a) (0 for 
a=1 and 1 for a=0) the binomial theorem is 
applicable and 


1 1 
log(1—a)L  .2(1/a-+p/2) log (1—a) 


tmax = 


1 
+- 
4(1/a+p/2)* log* (1—a) 


‘| (16a) 


Fic. 2. Fraction of monomeric elements involved in ¢-mers 
for various a when p+1=350. 


numbers represent the fraction M,/Mo; therefore from 
the p+1=350 curve in Fig. 1, the corresponding degrees 
of depolymerization are 0.0087, 0.0164, 0.035, and 0.06. 
Figure 2 shows the theoretical distribution of monomeric 
elements among the various ¢-mers at these degrees of 
depolymerization. 
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Fic. 3. Variation in ¢tinax with initial chain length at 
constant degrees of depolymerization. 


As the chain length of the initial material be- 
comes great, i.e., as 


tmax~ —1/log (1—a). (16b) 


As the degree of depolymerization, a, becomes 
small, log (1—a@) ~ therefore 


1 1 1 
+ 
a pa pa? (16c) 
2 2 

If one plots (Fig. 3) tmax vs. the number of mono- 
meric elements in the original molecules for 
various values of @ there is a shift of tmox.to the 
left as p+1 decreases. However at high degrees 
of depolymerization this shift becomes less pro- 
nounced, thus suggesting that the distribution 
functions tend to become independent of the 
initial chain length as the degradation process 
nears completion. 

In conclusion the authors take pleasure in 


thanking Professor Joseph E. Mayer for his 
valuable suggestions and discussions. 


tmax™ 


APPENDIX 


I. Summation of 


(r+1)! 


m II’ n,!(n~—1)! 


under the restrictions 


and tmit sn,=p+1. 


According to the multinomial theorem 


Therefore 


Ox 


Ns 
(Zn. =r +1) 


(x.*2")"* 
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Ng. 


NM 8 
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(n,—1)!5 n,! 
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II. Calculation of f” with respect to the distribution function F,(p, «). 
Let us define 


MF (p, a) = +5 (6 


B(p+1) t=1 
and B=1-—a. If 
Pp B— pt 
=> ’ 
t=1 1-8, 


it is obvious that* 


1,(8) = = (02 MG 


Therefore 


Some special cases are 
(a) n=—1, 


F.(p, a) Pp BY a 
t=1 t=1(p+1) 
a(2+ pa) a? 


b+1 B(p+1) B(p+1) 


(1+ap)/(p+1). 
(b) n=0, 
i= >, F,=1, since F;, is the fraction of monomers in t-mers. (This can easily be verified by direct 


a p p 
| p—ta}+—— 
or 


HEAT CONDUCTION 


calculation). 
(c) 


tl LiF a) 


a*(p+1) 


IN EXPLOSIONS 


a 


(1—8)? 


—1]/a*(p+1) 


(p—-1 —1) (p-2 
a(p=1) (0-1) 


=1+p(1 


3 


3 4 
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The Role of Heat Conduction in Thermal Gaseous Explosions 


O. K. Rice 
University of North Carolina, Chapel Hill, North Carolina 


(Received June 17, 1940) 


The theory recently developed by Frank-Kamenetzky for thermal explosions in which heat 
is removed by conduction only, has been applied to the azomethane, ethyl azide and methyl 
nitrate explosions. A fairly detailed discussion has been given of the experimental results and 
their relation to the theory. In the case of azomethane and ethyl azide the conclusion is reached 
that at low pressures thermal conduction as contrasted to convection is an important, if not 
the exclusive, method of removal of heat from the reacting gas, with deviation appearing at high 
pressures. As was already concluded by Rice and Campbell, the results appear to indicate that 
the methyl nitrate explosion is not a thermal explosion. Certain criticisms directed by Frank- 
Kamenetzky against the determination of the heat of reaction from the induction period, as 
carried out by Rice and Campbell, have been considered and refuted. 


HEN an exothermal reaction occurs in a 

reaction flask heat is produced, which 
tends to increase the temperature of the reacting 
gas, thus causing the reaction to go faster and 
produce still more heat. On the other hand, as 
the temperature of the reacting substance in- 
creases, loss of heat takes place through the 
walls of the vessel. If conditions are such that 
the rate of loss of heat can become as great as 
the rate of production of heat, then a steady 
state is reached. Above a certain pressure at any 
predetermined temperature, however, it becomes 
impossible for the heat loss to catch up with the 
production of heat and an explosion occurs. A 
theory giving the dependence of the critical 
explosion pressure (explosion limit) as a function 


of the temperature, and accounting for the the 
induction period, i.e., the time required before 
explosion occurs, has been rather fully developed. ' 

There has, however, been much discussion 
concerning the mechanism by which heat is 
removed from the vessel. The question which 
arises is whether thermal conduction alone is 
sufficient to account for the rate of loss of heat, 
or whether convection and turbulence play an 
important role. It now seems possible to give at 
least a partial answer to this question through 


1(a) N. N. Semenoff, Zeits. f. Physik 48, 571 (1928), 
(b) A. O. Allen and O. K. Rice, J. Am. Chem. Soc. 57, 310 
(1935), (c) QO. K. Rice, A. O. Allen, and H. C. Campbell, 
ibid. 57, 2212 (1935), (d) A. Appin, J. Chariton, and O. 
M. Todes, Acta Physicochimica U. R. S. S. 5, 655 (1936), 
(e) O. M. Todes, ibid. 5, 785 (1936). 
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some recent, very interesting work of Frank- 
Kamenetzky,? in which he starts with the as- 
sumption that the entire heat loss is due to 
thermal conduction and derives equations which 
may be compared with the experimental results. 
Though he has applied his equations to various 
experimental data, further consideration of the 
matter appears to be called for. 


1. THEORETICAL 


Let us consider the flow of heat in a spherical 
flask, designating the distance from the center 
of the flask as 7, and assume that the reaction 
taking place is unimolecular. We let \ be the 
heat conductivity of the gas, Q the heat of 
reaction per mole, » the number of moles per 
unit volume, and k& the unimolecular rate con- 
stant (given by the usual Arrhenius equation 
k=Ae-#!/R(T+T0), where To is the temperature of 
the furnace outside the reaction flask, and T+7»5 
the temperature at any point of the reaction 
vessel). The standard equation for stationary 
flow (steady temperature) may be obtained by 
equating the heat conducted away to the heat 
produced per unit none, and is 


--— k. 1 
(1) 


As T will in general be much less than To, we 
may write as a first approximation for the rate 
constant at any point in the flask k=koe7/™, 
where T*=RT,?/E, and We 
introduce the new variable ¢=r/ro, where 79 is 
the radius of the flask, and define the dimen- 
sionless parameter 


$= Qnr?ko/d r*. (2) 
Equation (1) can now be written in the form 
d(T/T* 
(3) 
dg dg 


This equation must satisfy the boundary con- 
dition that 7/T*=0 when ¢=1. Under this 
condition, according to Frank-Kamenetzky, the 
equation permits of a solution which is every- 


2 D. A. Frank-Kamenetzky, Acta Physicochimica U. R. 
S. S. 10, 365 (1939). 


RICE 


where finite only when 6 is less than a fixed 
value. For 6 greater than this value no steady 
state exists, and such a condition must result in 
explosion. Frank-Kamenetzky has found that 
this value of 6 is 3.32. I have checked this calcu- 
lation independently and since the details of 
Frank-Kamenetzky’s work? are in Russian, and 
since Harris‘ has recently reported a somewhat 
different result, it seems worth while to present 
the calculation. 

We simplify Eq. (3) by introducing a new 
quantity ¢= —a+T7/T*, where a is the value of 
T/T* when ¢=0. We also set x= (ée*)!¢. Since 
6 and a are constant in any given case, Eq. .(3) 
is converted into 


1d do 
)=-e?, (4) 
x? dx\ dx 


which is to be solved under the conditions 


¢=0 when x=0 (5) 
and 
¢= —a when x= (ée*)}, (6) 


the latter corresponding to. the condition 
T/T*=0 when ¢=1. Since ¢ has the general 
character of a temperature, we know it will have 
its greatest value at the center of the flask, 
corresponding to x=0, and will decrease uni- 
formly with x. Hence if ¢ is set equal to zero at 
x=0 all values for other points will be negative. 
If Eq. (4) is integrated once, we obtain 


z 


x2do/dx = — f xerdx. (7) 


The integration constant is correct, since both 
sides of Eq. (7) obviously vanish when x=0. If 
we introduce F=x’e*, Eq. (7) becomes 


(x?/ F)dF/dx =2x— f “Rae. (8) 


This may be solved, for small x, in the usual 
way by expanding F as a power series (starting 
with a term in x, since F=0 when x=0) and 
equating coefficients. Coefficients of all odd 


3D. A. Frank-Kamenetzky, Russian J. Phys. Chem. 
13, (1939). 
E. J. Harris, Proc. Roy. Soc. London A175, 254 (1940), 
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powers of x turn out to be zero, and we obtain 
F= 6x? 
— 2.688 - 10-%b8x8+- 3.080- 
— 3.407 
—3.888- 10-764...) (9) 


where 6 is an arbitrary constant. 6 may be evalu- 
ated from the fact that e* becomes equal to 1 
when x=0. If x is sufficiently small, therefore, 
F becomes equal to x?, hence 6 must have the 
value 1 in our problem, which shows that F, 
and hence e* and ¢ are uniquely determined as 
functions of x by the boundary conditions. 

Let us now use a subscript zero to denote 
values of the various quantities at the surface of 
the reaction vessel. We have then, as was also 
shown by Frank-Kamenetzky, 


Fo = = = 6, (10) 


the last relation coming from Eq. (6). Equation 
(9) gives us Fas a function of x, and this relation 
is obviously the same as the relation of Fo, or 6, 
to x9. x9 can take any value from 0 to «, but 
no other. To solve the problem at hand, we need 
only find the largest possible value of F with x 
between 0 and «. 

It is found that the coefficients in Eq. (9) 
appear to approach an almost constant ratio, 
the ratio of the last two coefficients given being 
0.1060. We may, therefore, approximate to the 
remaining terms of the series by assuming that 
the last term is simply multiplied by the geo- 
metric series 1—0.1060b2x?+ 


2b F 4 
F dx 
IF 
2 r 3 4 
Fic. 1. 


TABLE I. Experimental determination of 5. 


SUBSTANCE P*, | n, MOLES Q, E, ko, 
AND Ass. Temp. MM | SEC.~! 
Azomethane \645 28 0.696 43 51.2 0.031¢ 
200-ce flask/620 | 102 2.64 43 51.2 0.0085 
Ethyl azide \553 16 0.463 55 39.0 0.028¢ 
533 92 2.76 55 39.0 0.0085¢ 
azide 
80-ce flask 563 18.4) 0.523 55 39.0 0.053 
Methy] nitrate 546 16.5} 0.484 6.2 39.5 0.0884 


@ Estimated from Table IV of reference 1c (Note: ko=k*/e). 

> Estimated from Table III of reference 1b. 

¢ Taken or estimated from Table V of Campbell and Rice, J. Am. Chem. Soc. 
57, 1044 (1935). 

4 Calculated from rate expression given in reference 1d, multiplied by 2.303. 


or (1+0.1060b2x?)-'. The calculated values, 
setting b=1, are shown as circles in Fig. 1. The 
crosses give x~'fo*Fdx, calculated by term by 
term integration. Slightly beyond x=2.8 the 
series diverges, and the curve has been obtained 
by extrapolation. The results were verified, 
first, by noting that integration under the extra- 
polated curve for F gives the extrapolated value 
for x! fo7Fdx, and, secondly, by then solving 
for dF/dx from Eq. (8), the results thus obtained 
agreeing with the value obtained from the slope 
of the curve for F within about the accuracy 
with which the tangent can be measured. It is 
seen that F has a maximum of 3.3, in agreement 
with Frank-Kamenetzky, when x=4.0. 


2. APPLICATION TO EXPERIMENTAL DATA 


The obvious way to test the theory is to sub- 
stitute observed values of JT» and n, correspond- 
ing to the explosion limit, in Eq. (2) and evaluate 
6. If the theory is right, 6 under these circum- 
stances should turn out to be equal to about 3.3. 

A number of typical cases are presented in 
Table I. P* is the explosion limit, from which 1 is 
calculated. The values of Q are those determined 
by Rice, Allen and Campell,!° and Rice and 
Campbell,’ or given by Appin, Chariton and 
Todes.'4 For we have accepted Frank- 
Kamenetzky’s estimate of 10~* cal. deg.-' 
sec.—!. For a 200-cc flask, 79 = 3.63 cm; for a 50-cc 
flask, ro=2.29 cm. The methyl nitrate experi- 
ments were done in a 130-cc cylindrical vessel of 
radius 1.7 cm. The equation for an (infinite) 
cylindrical vessel, corresponding to Eq. (3) 
involves the same parameter 6, but with 7» equal 
to the radius of the cylinder. According to 


50. K. Rice and H. C. Campbell, J. Chem. Phys. 7, 
700 (1939), 
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Frank-Kamenetzky the critical value of 6 in 
this case is 2.00. 

We may first note from Table I that the value 
of 6 for methyl nitrate is about fourfold lower 
than the theoretical value. This appears to 
be in accord with the calculations of Frank- 
Kamenetzky, who shows a difference of about 
20° between the temperature calculated for a 
given explosion limit and that observed. This 
he considers good agreement ; however, although 
\ may be a little less than 10-‘, a fourfold dis- 
crepancy in 6 is difficult to account for, unless, 
indeed, the mechanism of the quiet decom- 
position of methyl nitrate is not that assumed 
by Appin, Chariton and Todes, so that the 
value of Q which has been taken is incorrect.* 
It seems to me that the results are at least con- 
sistent with the previously published conclusion 
of Rice and Campbell that the explosion of 
methyl nitrate is not a thermal explosion. For it 
is clear that the theory based on thermal con- 
duction without convection must give an ab- 
solute minimum for 6. Any other process 
operative in causing removal of heat from the 
reaction vessel can only make an explosion less 
likely, hence raise the value of n at the explosion 
limit at a given temperature, and so increase 
rather than decrease the experimentally deter- 
mined value of 6 at the explosion limit. 

In the case of azomethane and ethyl azide at 
low pressures, the values of 6 are about twice 
the theoretical values.6 Since by putting 6 
constant, we obtain from Eq. (2) essentially the 
same relation for the critical explosion pressure 
as a function of temperature as is obtained for 
the simple Semenoff theory, and since azo- 
methane and ethyl azide obey the Semenoff 
theory at low pressure, the first values of 6 
given in Table I for both azomethane and ethyl 


*I have just noted that the rate constants given by 
Appin, Chariton, and Todes are smaller than those usually 
defined by a factor of 2.303. This changes the estimate of 
Q from the induction period to 30 or 40 kcal., rather than 
70 or 80 kcal., as given by Rice and Campbell, but this is 
still much larger than the value from thermochemical data. 
If Q were 30 or 40 kcal., § would agree with the theoretical 
value about as well as in the case of azomethane and 
ethyl azide, so the induction period data and the calcula- 
tions given here cannot be said to give entirely independent 
evidence that the explosion of methyl nitrate is not a 
thermal explosion. 

_° The statement regarding ethyl azide is in disagreement 
with Frank-Kamenetzky, references 2 and 3, but appar- 
ently in agreement with Harris, reference 4. 
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azide should be characteristic of each of these 
explosions at low pressures. At high pressures the 
value of 6 goes up, as should be sufficiently 
illustrated by Table I; this is very probably due 
to increased convection at the higher pressures. 
The dependence on pressure of the heat loss 
coefficient of the simple Semenoff theory has 
been discussed in some detail by Rice and 
Campbell. The considerable effect of addition of 
diethyl ether on the explosion limit of ethyl 
azide can only be explained by an increase in 


- convection, since it seems unlikely that change 


in the heat conductivity is sufficient to account 
for it. 

The question remains as to whether the dif- 
ference between the experimental values of 6 at 
low pressures and the theoretical value is due to 
the effect of convection in increasing the rate at 
which heat is removed from the reaction vessel, 
whether it is due to errors in the theory, or 
whether it arises from errors in evaluating the 
quantities used in finding 6. One possibility, 
which is perhaps unlikely, but which should not 
be overlooked, is that 3.3 is not actually the 
greatest possible value for 6. The differential 
equation for a spherical flask is by no means 
simple, and no proof exists, as far as I am aware, 
that the function F has only one maximum, or 
that the maximum found is the largest one.’ If 
it is not the largest, another type of steady state 
could conceivably exist, which still would not 
result in explosion. 

On the other hand there is certainly consider- 
able possibility of error in the values used in 
evaluating 6. The value used for \ is a pure 
estimate, and may well be in some error, though 
judging from other gases of similar complexity, 
it cannot be very far off. It is quite possible that 
a more accurate evaluation would give values of 


7It may readily be shown, however, that the value of 
F at a maximum must be less than 6. Suppose F had 
reached the value 6 at some point, x. If this were true F 
could not have been less than 6x*/x,? for any x less than 
x1, for, otherwise, F/x*=e* would not have been a uni- 
formly decreasing function of x, as we know it is. Since / 
is thus greater than 6x?/x;? for x <x, if we substitute this 
value for F in the integral on the right-hand side of Eq. 
(8) the latter becomes an inequality which may be written 


dF /dxy <(F/2x1?) J," 
For any higher value of F the derivative must also be less 


than zero. It is clear then that any maximum value of F 
must lie below 6. 


i 
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6 nearer the theoretical value. Also, the fact that 
a certain amount of gas reacts before explosion 
takes place, has a tendency to raise the explosion 
pressure, and so to raise the apparent value of 6. 
A correction for this effect would be in the right 
direction, but judging from the work of Rice 
and Campbell could not be very large. 

Finally we must consider the value of Q. Since 
Frank-Kamenetzky® has recently criticized Rice 
and Campbell’s determination from the induc- 
tion period of ethyl azide, it seems well to review 
his comments in some detail, although some of 
these sources of error have already been dis- 
cussed in our earlier papers. His criticisms, and 
the answers which may be made to them, are as 
follows: 

1. Theory and experiment both break down 
near the explosion limit. This is undoubtedly 
true, but there is no evidence that the break- 
down occurs before the limit is very closely 
approached. The estimated values of Q do not 
vary systematically with the excess of pressure 
above the explosion limit, and, in any event, in 
the work of Rice and Campbell there were runs 
at pressures considerably above the explosion 
limit. 

'2. It is claimed that it is not allowable to 
neglect the time required to admit the gas to the 
reaction vessel. The best answer to this criticism 
seems to be that the value of Q does not show 
systematic deviations for the different induction 
periods. It is unfortunate that very large in- 
duction periods, which might be expected to have 
the least error due to this cause, occur close to 
the explosion limit where other errors possibly 
enter ; however, it is possible to produce appreci- 
able changes in the induction period, even when 
remaining reasonably far from the explosion 
limit, by changing the temperature, or adding 
an inert gas like diethyl ether. In our experiments 
a two- or threefold change in the induction 
period was obtained in this way for pressures 
rather well above the explosion limit. It seems, as 
a matter of fact, rather probable that somewhat 
above the explosion limit, the time of entry of 
the gas becomes less important. For a consider- 
able fraction of the gas must enter almost 
immediately. Since the induction period varies 


*D. A, Frank-Kamenetzky, J. Chem. Phys. 8, 125 
(1940), 


less rapidly with the pressure the more: the 
explosion limit is exceeded, the delay in entrance 
of the last fraction of the gas should not have 
too much effect when the pressure is reasonably 
far above the explosion limit. 

Changing from 6-mm to 12-mm tubing for 
the connection to the flask did, as noted by Rice 
and Campbell, change the apparent value of Q 
for ethyl azide from 42 to 55 kcal. per mole. We 
felt it probable that we had eliminated the effect 
of the time of entry of the gas with this larger 
tubing. It should be noted that complete elimina- 
tion of the slowness of entry of the gas would 
only have the effect of further increasing the 
value obtained for Q, resulting in still larger 
experimental estimates of 6. 

3. The gas is heated somewhat by passage 
through the tube admitting it to the reaction 
chamber. For this reason, Frank-Kamenetzky 
believes it would be better to assume that the 
gas as it enters the vessel is already at the tem- 
perature of the vessel, instead of calculating the 
time required to heat the gas up from some 
arbitrarily assumed temperature to the tem- 
perature of the reaction vessel, as we have done. 
In general the time required to heat the gas to 
the temperature of the flask is, according to the 
theory, of the same order of magnitude, but 
usually less than the rest of the induction period 
after this temperature has been attained. If our 
procedure were wrong in this respect, the calcu- 
lated heat of reaction could be incorrect by a 
factor of not over 2. In defense of our procedure 
it may be said that runs made just below the 
explosion limit, with a thermocouple in the 
flask, quite regularly showed initial cooling. The 
temperatures observed, it is true, were within 
10°, or at most 20°, of the temperature of the 
flask, but the actual readings could not be very 
significant as the damping period of the gal- 
vanometer used was 2.5 seconds—too large to 
permit accurate observations in a very short 
period of time. Even if our calculations over- 
estimated the effect of the preliminary heating 
of the gas, I feel that the error introduced is 
considerably less than the factor of 2, which 
would result if we were entirely incorrect in 
allowing time for the preliminary heating. 

4. Frank-Kamenetzky contends that hydraulic 
impact and adiabatic compression may have an 
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effect in heating the gas on admission to the 
reaction vessel. The gases under consideration, 
however, have such large specific heats that it 
seems that such effects should be negligible. 

In conclusion I may remark that no claim is 
made that our value of Q is a precision value, but 
it should be correct within 25 or 30 percent, 
provided, at least, that the fundamental assump- 
tion that the rate of loss of heat from the reaction 
vessel is proportional to the difference between 
the temperature inside and outside the flask is 
correct. 

It may be remarked that Harris has also 
stated that the use of Todes’ formula! for the 
induction period with the data on azomethane 
and ethyl azide yields values of Q about five 
times lower than those we found, from our own 
formula. This statement, however, I believe, 
arises from a misapprehension. In the first place 
Harris applied Todes’ limiting formula which 
gives the limiting minimum value of the induc- 
tion period for very high pressures. Our data do 
not conform to this condition. Also Todes’ 
formula neglects completely the pre-induction 
period, i.e., the time required to heat the gas to 
the temperature of the reaction vessel, which, as 
indicated above, I do not believe to be justified. 

As is to be expected, there is no essential 
difference between the formula obtained from 
our theory and that of Todes for the limiting 
case of high pressures, if (Cu/Q)(RT.?/E), where 
Cm is the specific heat, is small, provided the 
pre-induction period is neglected. [In our papers 
(Cu/Q)(RT°?/E) is equal to 26, as shown in Eq. 
(14) of Rice, Allen and Campbell,! whereas it is 
(Aa)-! in Todes’ work.] Under these circum- 
stances, Eq. (4) of Rice and Campbell’ reduces 
to Eq. (11) of Appin, Chariton, and Todes,!4 
except for a factor of (1—e~*), which relatively 
unimportant factor reflects a difference in the 
exact time at which the induction period is 
assumed to end. 

The application by Harris of the formula 
which neglects the pre-induction period to his 
own data on diethyl peroxide seems questionable. 
In a number of respects the explosion of diethyl 
peroxide seems to differ from those of azomethane 
and ethyl azide, while in other respects it is 
similar. Unfortunately, Harris has omitted many 
details in the presentation of his experimental 


O. K. 
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work, which, on the whole, seems to be in dis- 
agreement with earlier work of Neumann and 
Tutakin® on the same explosion. I believe there 
is, perhaps, some doubt that the explosion of 
ethyl peroxide is a purely thermal explosion. 


3. SoME REMARKS ON THE THEORY OF 
THE INDUCTION PERIOD 


In the theory of the induction period of a 
thermal explosion, it has generally been assumed 
that the rate of loss of heat from the reaction 
vessel is proportional to the difference between 
the temperature inside and outside the flask. 
There may be some possibility, however, that 
this assumption is incorrect. The complete answer 
to this question could be obtained, for the case 
where the heat is removed by conduction only, 
by solving the general equation for heat con- 
duction, rather than the steady-state equation. 
This, however, would be extremely difficult. The 
steady-state equation does, at any rate, allow us 
to consider this question for the steady states 
set up with various values of 6 up to the maxi- 
mum, obtained, say, by varying the pressure 
while holding 7») constant. These correspond to 
different mean internal temperatures in the 
flask, and the rate of flow of heat in these cases 
may be compared with the excess of this mean 
temperature over T». 

By the mean internal temperature in the flask 
is meant an average temperature such that the 
same amount of reaction would take place if the 
flask were all at this average temperature. In 
formulating this mathematically it is convenient 
to consider 7/7T*, which gives essentially the 
excess of temperature at any point inside the 
flask, the rate of reaction being proportional to 
e-#/RTgT/T* or, since the first factor is constant 
if To is fixed, simply to e7/7*. The average value 
T/T*, then, will be given by setting e?7/7*=e7/™, 
where e7/7 is the average obtained by averaging 
eT/T* over all elements of volume of the flask. 
The volume of an element in the form of a 
spherical shell is proportional to ¢*df (where ¢ 
is the quantity defined just before Eq. (2)), so 
that 


1 
0 


9M. B. Neumann and P. M. Tutakin, Acta Physico- 


chimica U. R. S. S. 9, 873 ff. (1938). 
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TABLE II. 


_ x0o(dg/dx)o 
—xo(dp/dx)o 


0.081 
0.303 
0.948 
1.57 
2.00 


Introducing the quantities x, ¢, and finally F, 
and noting Eq. (10)) this becomes 


eT/T* = 3x,-3 f “eotextdy 
(11) 
= f Fdx. 
0 


Since the relationship between xo, 6, and fo7°Fdx 
is readily found from Fig. 1, the value of T7/T* 
corresponding to any 6 can be found from Eq. 
(11). 

Now the rate at which heat is conducted from 
the flask is proportional to —d(7/T*)/d¢é for 
¢=1. This is equal to —xo(d¢/dx)o. By Eq. (7) 


—xo(dp/dx)9=xo f Fdx, 
0 


so that —xo(d¢/dx)o is readily evaluated from 
Fig. 1. 

In Table II we give values of T/T* and 
—xo(dp/dx)» for various values of 6 up to the 
maximum. If the rate of flow of heat were 
directly proportional to the excess of tem- 
perature inside the flask, or 77/T*, these two 
quantities should show direct proportionality, 
and reasonable proportionality is indicated. The 
trend for —x9(d¢/dx)9 is displaced somewhat 
toward that expected from proportionality with 
(T/T*)}. This indicates that some modification 
of the simple theory of the induction period 
would be an improvement, and suggests that we 
try a square-root law for the heat loss, to see the 
effect such a modification might have. 
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As a matter of fact, the theory of Rice, Allen, 
and Campbell can be modified readily and 
carried through on such a basis.'® The greatest 
change comes in the estimate of the time neces- 
sary to heat the gas up to the temperature of the 
reaction flask, and it is not impossible that such 
a square-root law would increase our estimate 
of Q by 30-40 percent. It seems unlikely, how- 
ever, that the first-power law is in error by as 
large an amount as this. 


CONCLUSIONS 


While it seems probable that neither the 
errors in Q due to the experimental work, the 
errors in Q due to the form of the theory used, 
nor the error in the estimate of \ could be suf- 
ficient alone to account for the high 6 values of 
Table I, it is possible that all these together 
could account for them. It seems likely that at 
low pressures all the heat is actually removed 
by thermal conduction. in accordance with the 
views of Frank-Kamenetzky. The undoubted 
change in the character of the heat removal 
process at higher pressures is perhaps evidence in 
favor of this, as this could well indicate that 
convection first becomes important at the high 
pressures. On the other hand, the fact that the 
value of 6 for ethyl azide is closer to the theo- 
retical value for a 50-cc flask than for a 200-cc 
flask may indicate that there is still some effect 
due to convection or turbulence’ even at low 
pressures, at least in the 200-cc flask. However, 
the difference between the flasks of different size 
is sufficiently small so that no definite conclusion 
can be drawn. 

We may summarize the principle results of 
the paper by saying, first, that thermal conduc- 
tion is an important, if not the exclusive, means 
of heat removal at low pressures in the explosions 
of azomethane and ethyl azide, and, secondly, 
that the explosion of methyl nitrate is probably 
not a thermal explosion. 


10H. C. Campbell, thesis, Harvard University, 1935. 
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The Reaction of Hydrogen Atoms with Butane 


E. W. R. StEAcIE AND E, A. BRowN 
Physical Chemistry Laboratory, McGill University, Montreal, Canada 


(Received June 21, 1940) 


The reaction of hydrogen atoms, produced by the Wood-Bonhoeffer method, with butane has 
been investigated over the temperature range 35° to 250°C. The activation energy is 9+1.5 
kcal. The products consist solely of methane at low temperatures. At high temperatures ethane 
is also formed. It is concluded that the results indicate a mechanism in which a series of ‘‘atomic 


cracking” reactions play the main role. The main steps in the postulated mechanism are: 


Primary process 


He. 


Secondary processes at low temperatures 


—2C.H; 
H +C;H;~C:H st CHs 
H + C.H;—2CH; 
H + CH;—~CH 4 
Additional secondary processes at higher temperatures 

H + 6 

H.+CH;—~CH,+H. 


INTRODUCTION 


66 cracking” reactions of the type 
H+ 


first suggested by Taylor,! have assumed con- 
siderable importance in connection with the 
mechanism of the elementary reactions of the 
hydrocarbons.? Strong evidence for the occur- 
rence of reactions of this type was furnished by 
the work of Steacie and Parlee*‘ on the reaction 
of hydrogen atoms with propane. They found 
that at low temperatures the only product of the 
reaction was methane, and concluded that its 
exclusive formation could only be explained by 
the postulation of an initial abstraction of a 
hydrogen atom 


H+C;3Hs—C3H;+ Hag, 
followed by a series of atomic cracking reactions 


H+C;H;-CH;+C2H;, 
H+C.H;—-2CHs3. 


1H.S. Taylor, J. Phys. Chem. 42, 763 (1938). 

2E. Gorin, W. Kauzmann, J. Walter and H. Eyring, 
J. Chem. Phys. 7, 633 (1939). 

3 E. W. R. Steacie and N. A. D. Parlee, Trans. Faraday 
Soc. 35, 854 (1939). 

*E. W. R. Steacie and N. A. D. Parlee, Can. J. Research 
B17, 371 (1939). 


In view of the importance of the results with 
propane, it was considered of interest to extend 
the work to butane. The only previous work on 
the reaction of hydrogen atoms with butane is 
one run made by Trenner, Morikawa and Taylor® 
in the course of another investigation. 


EXPERIMENTAL 


The reaction was investigated by the Wood- 
Bonhoeffer method, atomic hydrogen being pro- 
duced by an electrical discharge. The apparatus 
was similar to that used in a number of previous 
investigations.* *® 

Hydrogen was taken from a commercial 
cylinder and passed through a tube containing 
platinized asbestos at 500°C. The gas then 
passed through a blow-off trap, a liquid-air trap 
to remove water and other impurities, and 
entered the discharge through a capillary flow- 
meter. 

Butane was obtained from the Ohio Chemical 
and Manufacturing Company. It contained no 
impurities detectable by the analytical methods 
used. Variations in the flow rate of both gases 


5N. R. Trenner, K. Morikawa and H. S. Taylor, J. 


Chem. Phys. 5, 203 (1937). 
®E, W. R. Steacie, Can. J. Research B15, 264 (1937). 
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TABLE I. Reaction of hydrogen atoms with butane. 
Pressure =0.35 mm. 


PrRopucts OF THE 
REACTION, 
MOLES PERCENT* 


g 


8538s 
SSS 


S&S S888 88888 


BSS S235 


SOD 


3338 


“Together with traces of unsaturates and higher hydrocarbons at higher tem- 
atures. 
[7 Roughly. The accuracy of the determination of these small values is poor. 


were accomplished by varying the pressure on 
the supply side of the capillary flowmeter. 

The hydrogen was passed through a straight 
Pyrex discharge tube of 2.5 cm bore, about 30 
cm long, to which were sealed side tubes con- 
taining cylindrical aluminum electrodes. The 
electrodes were pinched on to stout platinum 
wires which passed out through the glass by 
means of capillary tubes and De Khotinsky 
seals. The discharge was operated with an applied 
voltage of 3500 across the tube and a 5000-ohm 
resistance. The operating current of 200 milli- 
amperes was kept constant by means of a 
rheostat in the primary of the transformer. 

The reaction vessel was situated as close as 
possible to the discharge. It consisted of a 
Pyrex cylinder 7 cm in diameter and 30 cm long, 
and had a volume of 1370 cc. It was surrounded 
by a removable electric furnace. Two tubes 
entered the reaction vessel from below, one of 
which served as an inlet for propane, while the 
other was a thermocouple well. 

The walls of the apparatus were ‘‘poisoned”’ in 
the usual way with phosphoric acid. At higher 
temperatures, the efficiency of the poisoning fell 
off owing to the dehydration of the phosphoric 
acid. After a number of preliminary runs, it was 
found that although the efficiency of the poison- 
ing had fallen off considerably, conditions were 
extremely stable. The system was therefore used 
in this condition, although the atom concentra- 


tions were thus lower than those usually em- 
ployed (1-5 percent). The atom concentration 
was measured by means of a Wrede diffusion 
gauge of the usual type. 

The size of the reaction vessel and the speed 
of the pumps were such that the contact time 
was of the order of one second. After leaving the 
reaction vessel the products passed through a 
liquid-air trap which removed butane and 
higher hydrocarbons together with most of any 


TABLE II. Average values of analyses. 


PERCENT BUTANE Con- 
VERTED TO 
TEMPERA- TOTAL 
PERCENT 
REACTION 


11.8 
10.7 
14.1 
14.9 


ethylene or ethane present. The remainder of 
the gas passed through a fast three-stage steel 
diffusion pump. After leaving this the low boiling 
products were removed by a trap containing 
silica gel at —180°C. The unadsorbed gas 
passed out of the system through a Hyvac pump. 

At the end of a run, which normally lasted 
about two hours, the traps were allowed to warm 
up, and the products were pumped into a port- 
able mercury gas holder by means of a Toepler 
pump. Trials showed that all the ethane and 
ethylene and virtually all the methane were 
trapped by the silica gel. A small amount of 
hydrogen was also retained by the gel. 

The products of an average experiment 
amounted to about 500 cc of gas at NTP. The 
gas was analyzed in a low temperature distilla- 
tion apparatus of the Podbielniak type. In the 
distillation methane and hydrogen were taken 
off together, and this fraction was analyzed by 
combustion. In addition to the distillation 
analysis, occasional checks on the fractions were 
made for unsaturates by conventional methods. 


RESULTS 


The experimental results of runs made at four 
different temperatures are given in Table I. 

It is noteworthy that the sole product of 
reaction at room temperature is methane. There 
is no doubt, as shown by blank runs, that ethane 


ME 8 
Butane | Hyrprocen Prr- 
FLOW, FLOW, CENT 
Tem- | Atom MOLES MOLES oF 
PERA- | CONCEN- | PER SEC. |__| 
Run | TuRE, | TRATION, | at NTP at NTP RE- 
1 35 5 0.332 12.2 
2 35 5 0.326 11.8 
3 35 5 0.332 11.3 
4 | 100 5 0.334 10.0 . 
5 100 5 0.306 10.4 
6 | 100 5 0.282 10.5 
7 | 100 5 0.277 11.5 
8 100 5 0.243 11.4 
9 | 170 3 0.325 145 
10 170 3 0.300 13.8 a 
11 170 3 0.303 15.5 
12 170 3 0.300 12.8 
13 250 0.303 14.8 
14 | 250 (1)t 0.282 15.1 
15 | 250 (1)t 0.288 14.8 ; = 
100 7.9 2.8 
170 5.8 8.3 
250 4.4 10.5 
with 
xtend 
rk on 
ine is 
rylor® 
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would have been detected if it had been present 
to the extent of 0.5 percent. Ethane is formed in 
considerable amount at higher temperatures, but 
the absence of propane over the whole tempera- 
ture range is surprising. Higher hydrocarbons 
were not present in detectable amount, but a 
slight oiliness on the surface of the mercury in 
the Toepler pump indicated that traces must be 
present. 

The trend of the products with temperature is 
best shown by the data of Table II. 

Table III gives the collision yield and the 
activation energies calculated on the assumption 
that the steric factor A in the equation 


Collision yield = Ae-#/"? 


is equal to 0.1. In the table Zc,u,,, x represents 
the number of collisions of one butane molecule 
with hydrogen atoms in the reaction time. 
In making this calculation, the diameter of the 
butane molecule was taken as 4.8X10-° cm,’ 
and the diameter of a hydrogen atom as 2.14 
X cm.$ 

In Fig. 1 the collision yields of the individual 
products (i.e., the number of molecules of each 
product produced per collision between a hydro- 
gen atom and a butane molecule) are plotted 
against temperature. This gives the most un- 

7T. Titani, Bull. Inst. Phys. Chem. Research (Japan) 
8, 433 (1929). 


1933). F. Bonhoeffer and P. Harteck, Photochemie (Leipzig, 


R. STEACIE AND E. A. 


BROWN 


100 — 180 260 


Fic. 1. Collision yields of the individual products. 
Methane—full black circles, ethane—open circles, total— 
half-black circles. 


ambiguous picture of the results, since the use of 
collision yields automatically corrects the results 
for variations in atom concentration, reaction 
time, etc. 

Comparison of the collision yields with those 
of Steacie and Parlee for propane shows that 
butane reacts with hydrogen atoms considerably 
faster than propane. This agrees with previous 


TABLE III. Calculation of collision yields, etc. 


TOTAL FLow, 
CORRECTED 
FOR PRESENCE 
OF ATOMS, 
MOLES PER SEC. REACTION 

105 TIME, SEC. 


PARTIAL 
PRESSURE OF 
HYDROGEN 
ATOMS, MM 


ACTIVATION 
ENERGY, 
KCAL. 
ASSUMING 
A =0.1 


ZC.Hw,H 
IN REACTION COLLISION 


YIELD 


PERCENT 
TIME REACTION 


ooo 


46 
46 
46 
46 
43 
Al 
Al 
37 
42 


2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 


ess ssss sssss 


39 
39 
39 
35 
33 
34 


0.016 
0.016 
0.016 


0.016 
0.016 
0.016 
0.016 
0.016 


0.0093 
0.0093 
0.0093 
0.0093 


0.0031 
0.0031 
0.0031 


4.81105 12.2 2.45 X 10-7 
4.81 ‘ 2.45 
4.81 


3.62 


~ 
an 


4.57 X 104 
4.61 
4.59 


Www 

Ro 

ees 


30 
=20 
10 
0 = 
No. TURE, °C a 
1 35 |__| 
2 35 
3 35 
- § 100 84 | 10.0 
$ 100 8 3.66 10.4 
6 100 8 3.70 10.5 
; 7 100 8 3.70 14.3 
8 100 8 3.76 11.4 
9 170 7 1.71 - 145 
10 170 7 1.73 13.8 
11 170 7 1.73 15.5 
12 170 7 1.73 12.8 
13 250 6) 14.8 
14 250 63 15.1 
15 250 163 14.8 
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investigations which indicate increasing reaction 
with increasing molecular weight of the hydro- 
carbon.*® 

The present experiments show no formation of 
propane. This is not in agreement with the results 
of the run made by Trenner, Morikawa and 
Taylor, who reported three percent propane in 
the products at 110°C. In their experiments, 
which were made with deuterium atoms, the 
propane formed was not deuterized. This is 
difficult to understand, since the only possible 
way for propane to be formed and not deuterized 
would seem to be by the reaction 

and all recent evidence seems to be against the 
occurrence of hydrocarbon chain breaking re- 
actions of this type. 

Apart from this the results are in excellent 
general agreement with those of Trenner, Mori- 
kawa and Taylor. 


DIscuUSSION 


The main facts to be explained are (a) the 
occurrence of methane as the sole product at low 
temperatures; and (b) the occurrence of ethane 
at higher temperatures. 


The primary step 
For the primary step the possibilities are 
(1) 
(1a) 
—C3H;+CHg, (1b) 
(1c) 
If (1a) or (1c) occurred, propane and ethane 
should be found even at low temperatures. 
Since they are not found in the products at room 
temperature they may be ruled out. (1b) can be 
ruled out by analogy with (1a) and (ic). The 
primary step must therefore be reaction (1). 


Secondary reactions at low temperatures 
The only way in which methane can be the 
exclusive product at low temperatures would 
appear to be by a set of “atomic cracking” 

reactions. 

(2a) 
(2b) 
H+C;H;-C:H;+CHs, (3) 


*W. Frankenburger and R. Zell, Zeits. f. physik. 
Chemie B2, 395 (1929). 


(4) 
(5) 


Reactions of hydrogen molecules with radicals 
can be ruled out at low temperatures, since these 
would lead to the formation of propane and 


ethane. Also 
H.+CH;—CH,+H (7a) 

does not occur measurably below 160°C.!°" 

Radical recombination reactions can also be 
ruled out since they would lead to the formation 
of ethane and propane, and in any case the con- 
centration of atomic hydrogen is so much greater 
than that of any radical that reaction (5) will 
outweigh other recombination reactions. 


Secondary reactions at higher temperatures 

At higher temperatures two additional types 
of reaction may be expected to make their 
appearance: 
(a) decomposition of radicals 


(6a) 
—C.Hi+CoH;, (6b) 
C3H;-C.H,+CHs. (6c) 

(b) reactions of radicals with molecular hydrogen 
(7a) 
(7b) 
H.+CH;—CH,+H. (7c) 


The increasing formation of ethane is un- 
doubtedly to be ascribed to two causes. In the 
first place the concentration of ethyl radicals rises 
due to (6b) and to the hydrogenation of ethylene 
produced by (6b) and (6c) by the reaction 


H+C,H,-CoH;. (8) 


This reaction is known to be very fast, since the 
presence of ethylene causes a rapid removal of 
hydrogen atoms. In the second place reaction 
(7b) comes into play at higher temperatures. 
It is further favored by the diminished hydrogen 
atom concentration which results from the 
occurrence of (8). 

The absence of propane requires explanation, 
since it would be expected that (7a) would lead 
to its formation. Its absence is apparently due to 
the fact that (7a) only becomes appreciable at 

10H. S. Taylor and C. Rosenblum, J. Chem. Phys. 6, 
119 (1938). 


1K. Morikawa, W. S. Benedict and H. S. Taylor, J. 
Chem. Phys. 5, 212 (1937). 
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temperatures at which (6c) is fast enough to 
destroy the propyl radicals before they can react. 

Any propylene formed by (6a) will presumably 
be immediately hydrogenated by the analog of (8). 


C3He+ H-C3H;. (8a) 


It should be emphasized that the most im- 
portant feature of the mechanism is the fact that 
the products of the reaction can only be ac- 
counted for on the assumption that “atomic 
cracking” reactions play the major role. This 
work, therefore, furnishes further strong evidence 
for the occurrence of such reactions as 


H+C.H;—-2CH; 
H+C;H;-C:H;+CHs 
and adds to the list the reactions 


The activation energy of the reaction 

Over the temperature range of this investiga- 
tion, the value of the activation energy of the 
over-all reaction rises from 7.9 kcal. at 35°C to 
10.7 kcal. at 250°C. Since the primary process in 


L. R. MAXWELL AND V. M. 


MOSLEY 


the above mechanism is the only butane con- 
suming step, and since practically no substances 
other than transitory ones are consumed in 
secondary processes, the above activation energy 
may be assumed to be that of the primary step. 

The variation in E from 7.9 to 10.7 kcal. with 
rising temperature is presumably to be ascribed 
to uncertainties in the concentration of atomic 
hydrogen. In the first place the values of the 
atom concentration at 250°C are only approxi- 
mate. Secondly, the measurements of atom 
concentrations can only be made in blank runs 
with no butane present. At the higher tempera- 
tures the collision yield increases and since the 
main steps in the process involve the consump- 
tion of hydrogen atoms, the atom concentration 
must be appreciably reduced. The lower value 
of the activation energy, therefore, is probably 
the more reliable one. We may therefore take 
the value of E as 9+1.5 kcal. This is somewhat 
lower than the value found for propane, 10+2 
kcal. The difference is undoubtedly significant, 
since the collision yields are definitely higher for 
butane than for propane. 
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Molecular Structure of Nitrogen Dioxide and Nitric Acid by Electron Diffraction! 


Louis R. MAXWELL AND V. M. MosLey 
Bureau of Agricultural Chemistry and Engineering, Washington, D. C. 


(Received May 13, 1940) 


New electron diffraction photographs have been taken 
of NO, extending the region previously investigated to in- 
clude larger angles of scattering. An interference ring was 
found at (1/d) sin 3@=0.49 followed by another ring ap- 
pearing at 0.94 as determined by visual measurements. The 
outer portion of the pattern consists of two rather broad 
rings and two well-defined minima. Theoretical intensities 
of scattering were computed for various nitrogen valence 
angles, assuming the positions of the two oxygens to be 
equivalent. The best fit, and probably the correct structure, 
gives the angle O— N—O=130+42° with the N—O dis- 
tance 1.21+.02A. Photographs were obtained from pure 
nitric acid vapor at 70°-85°C. The interference maxima 
were measured visually as far out as the eighth maximum 


INTRODUCTION 


REVIOUS electron diffraction work? on NO, 
showed certain nitrogen valence angles to be 


1 For a preliminary report on this work, see Phys. Rev. 
57, 1079A (1940). 
i" Mosley, and Deming, J. Chem. Phys. 2, 331 


at (1/A) sin 30=1.83; a prominent minimum was seen at 
1.54. Theoretical intensities were computed for various 
likely models, disregarding the scattering by the hydrogen 
atom. Good agreement was obtained for a planar model 
having an NO» group with the same structure found for 
nitrogen dioxide. The third oxygen atom O’ is located at a 
distance of 1.41+0.02A from the nitrogen atom and equi- 
distant from the other oxygen atoms. A model having the 
nitrogen atom slightly out of the plane containing the 
oxygen atoms also gave good agreement with the experi- 
mental results. This model however is considered less 
probable in view of Raman spectra data which apparently 
require a planar structure for O’— NOs. 


inconsistent with the experimental results ob- 
tained; however, sufficient data were not avail- 
able to provide an accurate determination of the 
molecular structure. Considerable work’ has been 
done on the interpretation of the infra-red 


§ Sutherland and Penney, Proc. Roy. Soc. A156, 678 (1936). 


> con- 
tances 
ed in 
nergy 
step. 
. with 
cribed 
tomic 
of the 
proxi- 
atom 
runs 
ipera- 
ce the 
sump- 
ration 
value 
bably 
» take 
ewhat 
10+2 
icant, 
er for 


seen at 
various 
drogen 
model 
und for 
ed ata 
id equi- 
‘ing the 
ing the 
experi- 
ed less 
arently 


ts ob- 
avail- 
of the 
s been 
ra-red 
(1936). 


STRUCTURE OF NO; AND HNO; 739 


Liquid Air 
Trap 
Diffrocted Beam 


— 


Incident Beam | 


Say 
Sop 


Ae: 


35 

2, 


i) 


RA AAAs 
= 


med SCALE 


Fic. 1. A sketch showing part of the experimental arrange- 
ment used for electron diffraction from NOs. 


spectrum of NO, but several difficulties were en- 
countered which made a structure determination 
uncertain. The product of the three principal 
moments of inertia of NO2 has been determined 
from entropy measurements‘ so that if either the 
nitrogen valence angle or the N —O distance were 
known the other constant could be readily ob- 
tained. The present investigation extends the 
electron diffraction experiments to include larger 
angles of scattering in an effort to obtain more 


* Giauque andjKemp, J. Chem. Phys. 6, 40 (1938). 


TABLE I. Summary of electron diffraction results 
obtained from NOs>. 


Postt10n 


DESCRIPTION OF “theo 


Texp Ttheo 
INTERFERENCE | (1/A) sin $6 | (N—O=1.21A) | (O—N—O=130°) Zexp 


0.49 +.02(4)* 7.45 7.80 1.047 
0.940+.01(15) 14.29 14.40 1.008 
Broad ring, outer 


m 1.41 +.02(7) 21.44 21.20 0.989 
Broad ring, center 

measured 1.76 +.01(5) 26.76 26.75 1.000 
Minimum, well de- 

fined 1.52 +.01(6) 23.11 23.50 1.017 


Minimum, well de- 
fined 1.96 +.01(5) 29.80 30.00 1.007 


1st maximum 
2nd maximum 


* Numbers in parentheses give number of ny used for measurement. 
Variation given — the average deviation (without regard to sign) found 
between separate photographs. 


definite information on the structure of this moie- 
cule. Work now in progress in the spectroscopic 
section of this laboratory on the infra-red absorp- 
tion of nitric acid vapor shows that below 80°C 
the rate of decomposition is so slow that it is 
possible to obtain electron diffraction photo- 
graphs from nitric acid molecules free from prod- 
ucts of dissociation. Structure determinations 
obtained from Raman spectrum data‘ on nitric 
acid have led to rather definite conclusions, al- 
though the complete structure is not yet known. 


EXPERIMENTAL 


Figure 1 illustrates the type of apparatus used 
for the work on NO». Liquid N2O,° was used for 
the production of the NO: vapor. The tempera- 
ture of the source was raised to values between 43 
and 95°C, depending upon the amount of electron 
scattering desired. Gas leaving the source passed 
through two tubes filled with broken glass main- 
tained at approximately 130°C. This temperature 
was sufficient to shift the N2O.s2NOz2 equi- 
librium to the high concentration of NOz neces- 
sary for the electron diffraction photographs. A 
diaphragm D was introduced to reduce back- 
ground scattering from the edges of the opening 
in the small cone C. 

This arrangement was also used for the work on 
nitric acid after removing the lower heating tube. 
In this case the stopcock was removed and the 
amount of gas entering the diffraction chamber 


5 Chedin, J. de phys. et rad. 10, 445 (1939). 

6 The liquid N2O, used in this work was kindly prepared 
by Mr. J. Y. Yee of this laboratory, using his special 
oxidizer. See Ind. Eng. Chem. 21, 1024 (1929). 
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was controlled by varying the temperature of a 
bath surrounding the source of liquid nitric acid. 
Bath temperatures ranged between 70 and 85°C 
during the exposures and the heating column was 
held at 70 to 85°C. This additional heating pre- 
vented condensation of the nitric acid vapor be- 
fore it entered the diffraction chamber. 

Plate distances used were 10.0 cm and the de 
Broglie wave-length values ranged from 0.0485A 
to 0.0815A depending on the regions of the 
diffraction pattern under investigation. Lantern 
slide plates were used for the work on NO, while 
both lantern slide and x-ray plates recorded the 
patterns obtained from HNOQs3. 


a 


Intensity of Scattering 


~~ 


Xn-0 


Outer Centrale 
Ist 2nd Edge of Minimum 4Pasition Minimum 
Maximum = Maximum 6Groad of Brood 

Ring Ring 


Fic. 2. Theoretical curves computed for various assumed 
models of NO2. The positions of the experimental maxima 
and minima are also shown for comparison in terms of 
Xn-o where the N—O distance was assumed to be 1.21A, 
sin 430. 
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RESULTS AND DISCUSSION 
Nitrogen dioxide 


Table I summarizes the electron diffraction 
results obtained from NOs». An interference ring 
was obtained at (1/d) sin 3@=0.49 followed by 
a second maximum at 0.94. A third ring was 
broad with a definite outer edge which in some 
photographs looked like a maximum. The fourth 
ring whose center was measured at (1/d) sin 36 


TABLE II. Summary of electron diffraction results obtained 


from HNO;. 
PosITION 

NuMBER OF 7theo | 
INTERFERENCE Texp Monet | “theo 
Maxima Inrensity | (1/A) sin | N—O=1.22A) No. 2 | 
1 Weak 0.298+-.004(2)* 4.57 4.20 | 0.92 
2 Strong 0.503+.01 (6) 7.71 7.60 | 0.986 
3 Medium 0.731+.004(5) 11.21 11.40 | 1.017 
4 Medium 0.949+-.006(3) 14.55 14.50 | 0.996 
5 Weak 1.184+.004(4) 18.15 18.20 | 1.003 
6 Weak 1.400+.004(4) 21.46 21.50 | 1.002 
7 Very weak | 1.644-+.004(2) 25.20 25.25 | 1.002 
8 Very weak | 1.83 approx. (1) 28.05 28.20 | 1.005 
Minimum Well defined | 1.541+-.002(3) 23.62 23.50 | 0.995 


* Numbers in parentheses give number of photographs used for measurement. 
Variation given ao the average deviation (without regard to sign) found 
between separate photographs. 
=1.76 was also quite broad; two well-defined 
minima were located at 1.52 and 1.96, respec- 
tively. Previous electron diffraction work? on 
NO: investigated the scattering out to (1/A) sin 3 

= 0.6 and within this range no interference humps 
were obtained on the densitometer records; also 
it was reported that no diffraction rings could be 
seen on the photographic plates. A long plate 
distance of 26.2 cm was used in that work to 
permit a greater spread of the electron scattering 
for use with the densitometer recordings. Since a 
diffraction ring is now observed at (1/A) sin 3 
=0.49, within the limit of the range previously 
studied, the earlier photographs have been re- 
examined and it is possible to detect on these 
plates a diffuse ring which is probably the one 
now reported at (1/A) sin 36=0.49. In the pres- 
ent case no densitometer records have been taken, 
because the important molecular structu.e data 
are the outer diffraction rings which urfortu- 
nately are very difficult to detect by means of 
the densitometer. 

Figure 2 shows theoretical scattering curves 
computed for various nitrogen valence angles ir 
which the atomic scattering amplitudes y; weve 


‘action 
ring 
red by 
iz was 
1 some 
fourth 
sin 36 


obtained 


233333 


be 
plate 
ork to 
ttering 
Since a 
sin 36 
viously 
re- 
1 these 
he one 
e pres- 
taken, 
‘e data 
fortu- 
sans of 


curves 
gles ir 
weie 


STRUCTURE OF NO, AND HNO; 


Intensity of Scattering 


Minimum 


Model No.l. 


Model No. 2. 6) 
Planar 


Model No 3. 
Planar 


Model No. 4. 


O 


Fic. 3. Theoretical curves computed for various assumed models of HNO. For comparison, the 
positions of the experimental maxima and one minimum are indicated by arrows. 


replaced by the atomic number Z;. Some error 
may occur in locating the first maximum as 
pointed out earlier ;? however, the correctness of 
this approximation can be verified for the outer 
rings by examining the atomic cross sections 
computed for nitrogen and oxygen.’ In all cases 
the oxygen atoms were assumed to be located in 
equivalent positions. No theoretical curves were 
calculated for an unsymmetrical molecule al- 
though it is not improbable that such a model 


* Theoretical values of the atomic electron scattering 
amplitudes for Hartree fields can be easily obtained from 
a table given by Mott and Massey, Theory of Atomic 
Collisions (Oxford University Press, London, 1933), p. 124. 
It is seen that the ratio y/o for large values of (1/X) sin 40 
approximates the ratio given by the Rutherford scattering 
law, ice. Z,/Zo. hy 


might give good agreement with the experimental 
results. Angles used range from 90° to 140° in- 
clusive ; the 60°, 150°, and 180° values were pre- 
viously ruled out.? Theoretical curves for models 
in which the nitrogen valence angle is greater 
than 120° and less than 140° give intensity distri- 
butions in approximate agreement with the ob- 
served visual measurements described above. 
After considering a number of angles within this 
interval the best fit was found for a nitrogen 
valence angle of 130°. The final structure is given 
as follows: 
N—O=1.21+0.02A. 


Relative positions of the experimental and 
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theoretical maxima, showing good agreement, are 
compared in Table I. An N —O distance of 1.21A 
is slightly greater than 1.18A, which is the value 
for the nitrogen-oxygen double bond separation 
obtained from revised data on covalent radii.* 
Very good agreement is found with a predicted 
distance of 1.20A made by Pauling® on the basis 
of a resonating electronic structure involving a 
nitrogen-oxygen double bond for one oxygen 
atom and a single plus a three-electron bond for 
the other oxygen. Entropy measurements‘ give 
an angle of 138° for this N—O distance of 1.21A, 
a value 8° greater than observed in the present 
case. Assuming the 130° valence angle, an N—O 
distance of 1.165A is obtained, about 0.04A less 
than the electron diffraction value. 


Nitric acid 


Electron diffraction results obtained from 
nitric acid vapor are summarized in Table II. 
The interference pattern is characterized by a 
weak first maximum at (1/)) sin 36=0.298, fol- 
lowed by a strong maximum at 0.503, then a 
series of rings measured to the eighth maximum 
at (1/d) sin 38@=1.83. The positions of the inter- 


ference maxima, but not the relative intensities, 
can be satisfactorily explained on the basis of a 
2.22A distance within the molecule; thus models 
were chosen for computation in which all three 
oxygens were located approximately at the 
corners of an equilateral triangle, 2.22A on a side. 
Intensities of scattering by the approximate 
method ¥;=Z;, are shown in Fig. 3 for four such 
models. Scattering by the hydrogen atom has not 
been included for its contribution to the total 
scattering is small. Model 1 is eliminated because 
its seventh maximum is too weak; model 3 is also 
eliminated because the third maximum is too 
weak and the eighth is out of position. Models 2 
and 4, however, give good agreement with the 
experimental results. It is difficult on the basis of 
the electron diffraction results alone to make a 
choice between models 2 and 4. Also, as in the 
case of nitrogen dioxide, equally good agreement 
could probably be found for a model in which 
the two oxygen atoms of the NO» group are not 
equivalent in position. It is therefore necessary 


§ Pauling and Brockway, J. Am. Chem. Soc. 59, 1223 


(1937). 
® Pauling, The Nature of the Chemical Bond (Cornell 
University Press, New York, 1939), p. 250. 


L. R. MAXWELL AND V. M. 


MOSLEY 


to obtain additional information from other 
sources before selecting the most probable 
structure. 

Considerable work has been done on the 
Raman effect in pure liquid nitric acid and re- 
cently Chedin® has discussed the structure of the 
molecule from this standpoint. He concludes 
that HNO; has the symmetry C2, (hydrogen 
excluded) with two planes of symmetry perpen- 
dicular to each other, one plane containing all 
of the atoms and the other plane passing through 
the N—O’ bond and bisecting the <O—N—O. 
Accepting his argument as giving the correct 
symmetry of the nitric acid molecule, we can 
eliminate Model 4 mentioned above since it 
does not satisfy these requirements. Therefore 
we select Model 2 as being the most probable 
structure of nitric acid since it has the above 
symmetry. The molecular constants are as 
follows: 


Planar (hydrogen atom excluded) 
xO-—N-O=130+45° 
xO’—N-—O=115°+2.5° 
N—O=1.22+0.02A 
N—O’=1.41+0.02A. 


It is seen that the structure of the NO: group is 
practically identical with that given above for 
nitrogen dioxide. The N—O’ distance is some- 
what greater than the nitrogen-oxygen single 
bond distance® of 1.36A. 

Comparable molecules studied by electron 
diffraction are methyl nitrate and fluorine ni- 
trate.!° In these the XO—N-—O was given as 
125° 16’ and 125+5°, respectively, the latter 
value agrees with the present data to within the 
experimental errors. The N—O distances found 
for these molecules were 1.26A and 1.29A, 
respectively, compared with 1.22A obtained in 
nitric acid. The N—O?’ distance was 1.36A and 
1.39A for the methyl and fluorine nitrate, respec- 
tively, as compared to 1.41A found for HNO;. 
A structure for the NO: group in nitromethane'' 
and tetranitromethane” of “O—N—O=127°, 
N—O=1.21-1.22A agrees very closely with the 
structure found in the present work. 

"= and Brockway, J. Am. Chem. Soc. 59, 13 
u ii: Beach and Pauling, J. Am. Chem. Soc. 57, 


2693 (1935). 
2 Stosick, J. Am. Chem. Soc. 61, 1127 (1939). 
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LETTERS TO THE EDITOR 


This section will accept reports of new work, provided these 
are terse and contain few figures, and especially few halftone 
cuts. The Editorial Board will not hold itself responsible for 
opinions expressed by the correspondents. Contributions to 
this section should not exceed 600 words in length and must 


Bond Length and Bond Strength 


In a recent communication Wrinch and Harker! propose 
to extend the suggestion? that there is a 1-1 relation be- 
tween the strengths and lengths of each bond, i.e., CN, 
CC, CH, ete., irrespective of the assigned numerical 
valencies in the various compounds considered. It has 
been found convenient? to define the term bond strength 
explicitly as the energy difference (per mole) between the 
lowest energy state of a compound and the summed lowest 
energy of the products formed by rupture of a bond.‘ 
There is no suggestion in such a definition of the mecha- 
nism of the decomposition; particularly there is no require- 
ment for adiabatic dissociation. The latter requirement, 
however, is inherent in the term spectroscopic heat of 
dissociation.’ 

It is evident that the bond length is related to the force 
constant for the bond since both terms are concerned with 
the bond in its lowest vibrational state. Bond length is 
related to spectroscopic heat of dissociation less directly. 
There is a 1-1 relation for a particular class of bonds (e.g., 
CC) only if we can assume that the anharmonicity factor is 
constant® or varies in a regular manner with the bond 
length. Such an assumption may be approximately correct. 
In the employment of values derived from a ‘‘strength- 
length” relationship two points must be born in mind. 
(1) The values so obtained are approximate. Differences 
of 2-3 kcal. (which may be significant when it is desired 
to estimate relative activation energies) may not be real 
and may even be of the wrong sign. (2) The values so 
obtained are for spectroscopic heat of dissociation (i.e., 
the adiabatic bond strength) not for bond strength or bond 
energy as either of those two terms has hitherto been 
defined. 


MILTON BURTON 
Department of Chemistry, 
New York University, 
New York, New York, 
August 5, 1940. 


1 D. Wrinch and D. Harker, J. Chem. Phys. 8, 502 (1940). 

(1959) J. J. Fox and A. E. Martin, J. Chem. Soc. 2106 (1938); 884 

5 Cf. (a) M. Burton, J. Chem. Phys. 6, 817 (1938). (b) H. Henkin 
and M. Burton, ibid. 8, 297 (1940). 

‘The term bond strength, so defined is to be contrasted with the term 
bond energy as used by L. Pauling (cf. The Nature of the Chemical Bond 
(Cornell University Press, Ithaca, 1939)). For polyatomic molecules 
whose bonds are all alike the bond energy is the average amount of 
energy per bond per mole required to break it into atoms. 

°Cfi. (a) G. K. Rollefson and M. Burton, Photochemistry and the 
Mechanism of Chemical Reactions (Prentice-Hall, Inc., New York, 1939). 
(b) G. Herzberg, Molecular Spectra and Molecular Structure (Prentice- 
Hall, Inc., New York, 1939). 

The assumption of such constancy was made by J. W. Ellis, Phys. 
Rev. 33, 27 (1929) in some bond strength calculations and has been 
used repeatedly since. Cf. O. Redlich, J. Chem. Phys. 7, 856 (1939). 


reach the office of the Managing Editor not later than the 15th 
of the month preceding that of the issue in which the letter 
ts to appear. No proof will be sent to the authors. The usual 
publication charge ($3.00 per page) will not be made and no 
reprints will be furnished free. 


The Calculation of the Heat Capacity and Entropy of 
Methylamine from Spectroscopic Data Alone. 
The Torsional Mode of Vibration 


The recent paper of Owens and Barker! gives infra-red 
data from which they deduce the following frequency 
assignment for methylamine. »(1)cH, 2964; 2820; 
6(r)cu, 1385; 1470; 3410; »(o)NH, 3360; 
1625; 1043; 780; doRR’, 780; 
1130; 1150; torsion, 270. 

Using these data the heat capacity has been calculated 
at three temperatures and compared with the experi- 
mental values of Felsing and Jesson.? The results are given 
in Table I. The experimental data have been corrected to 


TABLE I. 


Cp® 
MEASURED 


11.45 


12.71 
13.63 


the ideal gas state on the basis of the modified Berthelot 
equation which yields: 


Cp— 


In the calculation, the torsional frequency (270 cm~) was 
used to evaluate the potential hindering rotation (Jrea 
=1.82X10~", V=1520 cal.), assuming three potential 
energy minima, using the method of Pitzer.’ The torsional 
contribution to the heat capacity was then obtained from 
Pitzer’s tables. The agreement is perhaps within experi- 
mental error. 

The translational and rotational entropy of the rigid 
molecule, at the normal boiling point, were calculated 
using the moments deduced from the data of Owens and 
Barker (J) =J2=37.43X10-", I3=7.2X10-"). To this 
result was added the entropy contribution due to the 
torsional oscillation (obtained from Pitzer’s tables) and 
the vibrational entropy. The vibrational entropy was cal- 
culated on the basis of the above frequency assignment. 
The calculation is summarized in Table II. The sum is the 


TABLE II. Entropy of methylamine at 266.84°K. 


CAL./DEG./MOLE 


I Translational and rotational 54.64 
II Torsional (Jred =1.82 X10~”, V =1520) 1.84 
III Vibrational 45 
IV Total 56.93 
V Calorimetric corrected to ideal gas 56.42 
VI Discrepancy 51 
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value of the entropy of the ideal gas at the normal boiling 
point calculated from spectroscopic data alone. This is 
compared with the experimental value based upon the third 
law of thermodynamics.‘ According to a private communi- 
cation from Professor Barker the identification of the 
strong band at 270 cm~! with the torsional mode cannot 
be considered final. The comparisons may have some 
bearing on the point in that it would cast doubt on the 
assignment if we were sure of the correctness of the 
mathematical treatment of the torsion. 
J. G. Aston 


P. M. Doty 


The Pennsylvania State College, 
State College, Pennsylvania, 
July 18, 1940. 


1 Owens and Barker, J. Chem. Phys. 8, 229 (1940). 
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3 Pitzer, J. Chem. Phys. 5, 469 (1937). 

4 Aston, Siller and Messerly, J. Am. Chem. Soc. 59, 1743 (1937). 


Hindered Rotation in Methyl Alcohol 


A paper by Koehler and Dennison! has recently appeared 
in which these authors discuss the internal rotation in 
CH;OH and examine the far infra-red data for this mole- 
cule; they conclude that the height of the barrier hindering 
internal rotation is probably 470+40 cm (about 1340 
cal./mole). It is the purpose of this letter to show that 
such a low barrier is not consistent with the third-law 
entropy data available for CH;OH. 

The heat capacity measurements of Kelley? may be 
combined with the data of Fiock, Ginnings and Holton® 
on the heat of vaporization and with vapor pressure data 
to give = 56.635 e.u.4 Using the frequency assign- 
ment of Borden and Barker,’ which seems to be a very 
reasonable one, the vibrational entropy is 0.257 e.u. (The 
frequencies, with their degeneracies, are 3683 (1), 2978 (2), 
2845 (1), 1477 (2), 1455 (1), 1340 (2), and 1030 (2) cm™.) 
The entropy contribution due to over-all translation and 
rotation is 55.331 e.u.; the structure parameters used in 
this calculation were C—H distance, 1.09, C—O distance, 
1.42, distance, 0.96A. H-—O—C angle 105°, 
methyl group angles tetrahedral.* This model does not 
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differ significantly, for the present purpose, from that of 
Koehler and Dennison. The contribution of the internal 
rotation is thus fixed at 1.05+0.25 e.u., the estimate of 
error being increased somewhat over Kelley's estimate of 
0.2 e.u. error in the entropy of the liquid. 

An accurate calculation of the entropy of internal rota- 
tion is complicated by the fact that the moment of the 
CH; group is so large a fraction of the moment of the whole 
molecule about the CO bond; for this reason the inter- 
action terms are relatively important. The parameter Q,, 7 
calculated from the assumed structure is 0.19923, and the 
effective moment for the internal rotation, Fn, is 0.63636 
(masses being measured in atomic weight units and dis- 
tances in angstroms). Using this effective moment with 
Pitzer’s tables,’ a barrier of 504 cm™ gives a value of 1.69 
e.u. for the entropy due to internal rotation. The more 
accurate calculation’ including interaction terms raises 
this by about 0.3 e.u. Since the thermal data indicate that 
the torsional contribution cannot be more than 1.30 e.u., 
a discrepancy of at least 0.6 e.u. is present, and the barrier 
must be distinctly higher. 

It would appear difficult to resolve this. The thermal 
data are apparently reliable to well within the estimated 
error, and it does not seem possible to change the vibra- 
tional assignment in any reasonable fashion sufficiently to 
eliminate this discrepancy. 

Preliminary calculations based on the thermal data 
indicate a hindering potential of about 3400 cal./mole 
(1200 cm~). It is hoped that these calculations will be 
completed soon, and an attempt made to bring the thermal 
and direct spectroscopic evidence into agreement. 

Bryce L. CRAWFORD, JR. 

Sterling Chemistry Laboratory, 

ale University, 


New Haven, Connecticut, 
July 12, 1940. 
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